meat } men 
i to yh NI ae 
= 
"lal 


I i epi i} Wr h fi 
)- 


a ws 
‘a Me } 


a. i P - yl) 
} x : = _ LI this em = Risivininis ws * (lie is i (( 
ae 


' a 


an 
Des 
E i 


vt 1c 4 oN f y = | 


= ule 
—— 


es Cal 


Veena a 
on a oe “ act) St — 1 | i, = : 
74% nS | 


VI85N 7730 


“il 


Tote ald 


a 


aa 4 
Pili 
sone 


ah, 
aoa 


if 


Wy panna 


ane a oa 


a2... ‘aa 
" Be 
7 4 get 
eg) Saag 
fe ie 
are 

Rifle 

ee 


7 7668 hi 
me V| ope 
i ¢ 
Sm V,CE SS 

ihe 
nasal 
Pps 


Mir Publishers of Moscow publishes So- 
viet scientific and technical literature in 
twenty four languages including all those 
most widely used. Mir translates texts into 
Russian, and from Russian originals pre- 
duces books in English, German, French, 
Italian, Spanish, Portuguese, Czech, Slo- 
vak, Finnish, Hungarian, Mongolian, Ara- 
bic, Persian, Hindi, Tamil, Kannada, Viet- 
namese, Cari, Laotian, Khmer, Bengali, 
Marathi, and Telugu. Titles include text- 
books for higher technical and vocational 
schools, literature on the natural sciences 
and mediciré (including textbooks for me- 
dical schocis), popular science and _ scien- 
ce fiction. The contributors to Mir Publi- 
shers’ list are leading Soviet scientists and 
engineers frim all fields of science and 
technology, among them more than forty 
Members arid Corresponding Members of 
the USSR Academy of Sciences. Skilled 
translators provide a high standard of 
translation from the original Russian. Many 
of the titles already issued by Mir Publi- 
shers have been adopted as textbooks and 
manuals ‘at educational establishments in 
France, ‘Switzerland, Cuba, Syria, India, 
Brasil and many other countries. Mir 
Publishers’ books in foreign languages ean 
be purchased or ordered through book- 
sellers in your country dealing with VO 
“Mezhdunarodnaya Kniga’’, the authorised 
exporters, 


The subject-matter of the book co- 
vers a wide range of material specific 
to electronics—from the basic prin- 
ciples underlying it to sophisticated 
devices employed in a multitude of 
applications. Among other things, 
there is a fairly detailed discussion of 
semiconductor materials and devices, 
electron tubes, photocells, optoelect- 
ronic devices, and integrated circuits. 
The text is liberally illustrated and 
includes a discussion of reliability 
and testing. 

The book has been conceived as an 
aid in the study of electronics by 
college students, those relying on 
self-education, and hobbyists. » 


Docent ivan P. Zherebtsov, Cand. 
(Pedagog. Sc.) taught electrical en- 
gineering and radio engineering at 
secondary educational  establish- 
ments since 1928, has been lecturing 
on these subjects at colleges since 
1946. Is a leading Soviet authority in 
the field of telecommunications. Has 
penned over 40 books and booklets 
many of which have been translated 
into foreign languages or published 
outside the Soviet Union. The most 
important of them are Radio Engi- 
neering (five editions), Basic Electro- 
nics (four editions), . Electric and 
Magnetic Circuits (two editions), An 
{ntroduction to UHF-SHT Radio En- 
gineering (three editions). Honorary 
member of the A.S. Popov S¢ientific 
and Technical Society on / Radio, 
Electronics, and Communicatjons. - 
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Preface 


Advances in science and technology today are inseparably linked to major 
breakthroughs in electronics, among them the advent of basically new designs of 
electron devices, both tubes and semiconductor components. A person who 
wishes to be well versed in state-of-the-art electronics, must above all learn how 
such devices operate, what characteristics and parameters they have, and how 
they can be used in electronic equipment. All of these matters are taken up in this 
book which has been written as an aid for college students, those studying 
telecommunications on their own, and radio amateurs. 

At this writing, the number of electron device types is too large to be covered in 
a single book. An attempt to do would have resulted in either an unwieldy 
collection of data or an inadequate or even very scanty description of many 
devices. Quite naturally, the author has left out devices used on a very limited 
scale, if available commercially at all. 

Semiconductor devices are discussed first because they are the heart of the 
equipments and circuits that most of those concerned with electronics have to do 
with, and for them a discourse on electron tubes would have been unnecessary. 

Special emphasis in the book is placed on the matters that the author believes 
to be especially important. Apart from a description of the devices as such, he 
touches upon some of their uses. Otherwise, the reader would have acquired an 
incomplete idea about the component side of electronics. 

This is an English translation of the fourth Russian edition. As compared with 
its predecessors, it has been extended to include chapters on microelectronics, 
photoelectronics, and optoelectronics. More material has been added on 
semiconductor devices while the presentation of tubes has been curtailed. Only 
a very brief mention is made of the devices that have fallen out of use in 
electronics, such as gas-filled rectifier diodes, hot-cathode thyratrons, and some 
others. 

I wish to express my gratitude to Docent G. A. Fedotov, Cand. Sc. (Tech.), for 
his very careful review of the manuscript and his valuable suggestions. 

Undoubtedly, the criticism voiced by N. V. Parol and V. A. Terekhov on the 
previous editions has served to improve the encouragement that has come from 
other people, and to all these people I want to express a heartfelt “Thank you”. 


I. Zherebtsov 
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I-1 Electronics Defined 


Electronics is a field of science and technology 
concerned with the study, design, and use of 
devices that depend on the conduction of elect- 
ricity through a vacuum, gas, or semiconductor. 

For purposes of discussion it appears conven- 
ient to class it into physical electronics—the 
division that has to do with electron and ion 
processes occurring in a vacuum, gases, and 
semiconductors, and also at the interface be- 
tween a vacuum or a gas and a solid or liquid, 
and into electronic engineering which has to do 
with the design and use of the devices that 
depend for their operation on the above proces- 
ses. There is a special field called industrial 
electronics. As its name implies, it has to do with 
the design and use of electron devices in indus- 
trial applications. 

Advances in electronics have largely been 
prompted by those of telecommunications, no- 
tably radio engineering. For this reason, it was 
at some time customary to call the two fields 
collectively as radioelectronics. Electron devi- 
ces are the basis of telecommunication equip- 
ment and have a direct bearing on its perfor- 
mance. On the other hand, many of the pro- 
blems that first arose in telecommunications 
later led to the advent of new and an improve- 
ment of existing electron devices. These devices 
are used in radio communication, television, 
sound recording and reproduction, radar, radio 
navigation, radiotelecontrol, and elsewhere. To 
this we should add the fact that electronics has 
penetrated other divisions of today’s science, 
technology, and industry. Electron devices are 
doing many jobs in automatic control, teleope- 
ration, wire (or line) communication, cinemato- 
graphy, nuclear engineering, rocketry, astrono- 
my, meteorology, geophysics, medicine, biology, 
physics, chemistry, metallurgy, mechanical en- 
gineering, measurement and instrumentation, 
etc. 


Progress in electronics has been a big help to 
cybernetics — the science and technology concer- 
ned with the study of control and information 
flows in artificial and natural systems, and has 
also served as a basis for high-speed electronic 
computers. Without electronics, man would not 
have been able to explore outer space with his 
probes, artificial Earth satellites, space vehicles, 
and unmanned interplanetary stations. 

Electron devices provide powerful tools for 
studies and measurements, notably those which 
have, as such, nothing to do with electronics. 
Among them are electronic amplifiers, oscilla- 
tors, rectifiers, oscilloscopes, and measuring 
instruments. Apart from research and automa- 
tic control, they come in useful in running a 
great variety of production processes. Electro- 
nics-based techniques have advanced our know- 
ledge about the properties of many substances 
existing in nature, provided a deeper insight into 
the structure of matter, and have brought us 
closer to a proper understanding of the laws that 
govern the material world. 


I-2 A Brief Historical Outline 


The foundations for electronics as we know it 
today were laid by physicists back in the 18th 
and 19th centuries. A big impetus was given by 
the electronic theory of metallic conduction 
developed by many outstanding scientists in the 
late 19th and the early 20th century. 

In 1887, Heinrich Hertz of Germany, known 
for his experiments with electromagnetic waves, 
discovered the photoelectric effect. In 1888, 
Alexander Stoletov of Russia investigated 
Hertz’s discovery and formulated the laws of the 
photoelectric effect, thus breaking ground for 
the design and use of photoelectronic devices. 
Also in 1888. Vladimir Ulyanin of Russia built 
the first selenium photocells. It should be noted 
that it was not until 1904 that the photoelectric 
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effect was explained by Albert Einstein who 
worked on a theory that the radiant energy 
could only be transferred in discrete packets 
called photons. 

The year 1883 saw the discovery of thermion- 
ic emission by Thomas A. Edison of the United 
States. In fact, it was first called the Edison effect. 
Unfortunately, Edison knew nothing about 
electrons and could not explain what he had 
observed. For the first time, an in-depth study of 
thermionic emission was made by O.W. Ri- 
chardson of Britain, who was the first to derive, 
in 1912, a thermionic electron emission equation 
based on the classical electronic theory of 
metallic conduction. (In 1923, S. Dushman ap- 
plied the quantum theory to this same problem 
and derived his own version of the thermionic 
electron emission equation.) In 1897, Karl 
Braun of Germany built the first cold-cathode 
ray tube. 

The use of electron devices for radio com- 
munication began in 1904 when Sir John A. 
Flemming of Britain produced a vacuum hot- 
cathode diode tube to rectify (detect) electro- 
magnetic waves in radio receivers. He named his 
device a thermionic valve (for the reason that it 
permits only a unilateral flow of particles from 
the negative to the positive electrode, much as 
a mechanical valve does so to a flow of liquid or 
gas). For this device he obtained a patent in 
1904—this was the first electron tube. 

At about the same time, A. Wehnelt of Ger- 
many discovered and investigated the increased 
electron emission by wires given a coat of 
alkali-earth metal oxides. His discovery ultima- 
tely led to the use of what has come to be known 
as the oxide cathode widely employed in state- 
of-the-art electron tubes. In 1905, A. Hull of the 
United States invented the gas-filled rectifier 
diode, another important milestone in the pro- 
gress of electronics. 

In 1906, De Forest of the United States made 
a discovery that is rated by many as one of the 
greatest engineering breakthroughs of modern 
times, the one that gave rise to the field of 
electronics. He observed that current flow in a 
diode could be controlled by the field produced 
by a grid of fine wires placed as a third electrode 
between the cathode and the anode (or plate). 
De Forest’s original “Audion”, as he called his 
invention, was the forerunner of the modern 
vacuum triode. In 1907, B. Rosing of Russia 
proposed to use a cathode-ray tube for image 


reception and later proved the viability of his 
invention. This places him among the origina- 
tors of present-day television. 

In 1909-1911, V. Kovalenkov of Russia built 
triodes adapted to service in long-distance teleph- 
one repeaters. A bit later, he added a second 
grid to the tube to produce a tetrode, that is, 
a four-electrode tube, which he likewise used in 
long-distance telephone repeaters. Similar four- 
electrode, or double-grid, tubes were built by 
Irving Langmuir of the United States somewhat 
later. 

In 1913, Alexander Meissner of Germany 
(born in Vienna) was the first to use a vacuum 
triode as a self-excited vacuum-tube signal gene- 
rator involving feedback. This had a decisive 
influence on the progress of radio engineering, 
especially in Europe; until then, undamped 
high-frequency oscillations had been obtainable 
only by means of alternators coupled to frequ- 
ency multipliers or by utilizing the arc discharge 
as a type of negative resistance. 

In Russia, the first triodes for the reception of 
radio signals were independently built by N. D. 
Papalexi and M.A. Bonch-Bruyevich in 1914- 
1916. In 1918, Bonch-Bruyevich headed a team 
at the Nizhny Novgorod Radio Laboratory in 
Russia to develop high-power transmitting and 
low-power receiving tubes. Valuable contribu- 
tions were made by B.A. Ostroumov, A.M. 
Kugushev, N.A. Nikitin, and P. A. Ostryakov 
among many others. 

In 1918-1919, Bonch-Bruyevich published his 
triode theory which played an important role in 
the design of vacuum tubes during the subse- 
quent years. He also advanced a theory that 
explained signal amplification by the vacuum 
triode. Similar works better known to the 
Western world were independently published by 
Heinrich Barkhausen. In 1911, he took over the 
chair of communications engineering in Dres- 
den where he founded the first institute on this 
subject in Germany. He made important con- 
tributions to the theory of nonlinear switching 
elements, formulated the electron-tube coeffi- 
cients (and the equations relating them) that are 
still in use, and wrote a four-volume text on 
electron tubes. About the same time, W. Schot- 
tky of Germany added what has come to be 
known as the screen grid to the tube, thus 
producing the screen-grid tetrode. Today it is 
mainly of historical interest, but it was an 
important step in the development of the pen- 
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tode, the most extensively used of all types of 
vacuum tubes. 

Special mention should be made of the wa- 
ter-cooled high-power transmitting tube invent- 
ed by Bonch-Bruyevich and developed much 
later outside the Soviet Union. Important steps 
were demountable transmitting tubes devised 
by A.L. Mints, N.N. Oganov and A.M. Ku- 
gushev also at Nizhny Novgorod. A team under 
V. P. Vologdin came up with several designs of 
high-power mercury-vapour rectifier tubes. 

Large-scale R & D work in the field of electro- 
nics went on in Leningrad. Among the leading 
figures there was A. A. Chernyshev who inven- 
ted the indirectly heated cathode in 1921. 

In 1922, O.V. Losev at Nizhny Novgorod 
discovered that oscillations could be generated 
and amplified by a crystal (semiconductor) 
detector. He also observed the glow discharge at 
the detector’s contact. Unfortunately, his find- 
ings were not followed up, and the inventor 
himself died during the Leningrad Siege. For a 
long time, work in this field was limited to 
theoretical studies of semiconductors and the 
design of semiconductor rectifiers. 

Beween 1920 and 1930, much headway in the 
field of electron devices was made outside the 
Soviet Union, In 1926, A. Hull of the United 
States made far-reaching improvements in the 
screen-grid tetrode and in 1930 he took out a 
patent on the pentode which is, as already noted, 
the most extensively used of all types of vacuum 
tube. Improvements were made in gas-filled 
rectifier diodes, and the thyratron (a gas-filled 
triode) was invented. The next decade saw an 
impressive number of important discoveries and 
inventions in the field of electronics. In 1930, 
L. A. Kubetsky of the Soviet Union invented the 
photomultiplier (also known as the electron 
multiplier) later radically improved and com- 
mercialized by S.A. Vekshinsky and P. V. Ti- 
mofeyev of the Soviet Union. In the United 
States, similar devices were produced by Farns- 
worth. In 1930-1931, A.P. Konstantinov and 
S.I. Katayev of the Soviet Union, working 
independently of each other, came up with the 
idea of television pick-up (camera) tubes. In the 
United States, Vladimir K. Zworykin engaged 
in investigations in the field of photoelectric 
emission and television. These studies led to his 
conception of a new type of television pick-up 
tube, the iconoscope, which he developed into a 
form suitable for practical picture transmission. 
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Zworykin’s second major step towards all-elec- 
tronic television was the development of the 
kinescope or the television picture tube. All this 
had opened up broad vistas for rapid advances 
in the practical use of television. 

In 1933, P. V. Shmakov and P. V. Timofeyev 
of the Soviet Union proposed the image ico- 
noscope (or the superemitron), a far more 
sensitive TV camera pick-up tube with which 
the scene to be televized needs no strong light- 
ing. In 1939, G. V. Braude of the Soviet Union 
proposed a still more sensitive TV camera 
pick-up tube later called the image orthicon. 
Also in the 1930s, experiments were made with 
very simple TV camera tubes known today as 
vidicons. Their concept was first proposed by 
A.A. Chernyshev in 1925. The first commercial 
image orthicons and vidicons appeared in the 
United States in 1946-1950. 

Speaking of the Soviet effort in the field of 
electronics, another direction in which out- 
standing discoveries and inventions were made 
was work on microwave devices and circuits. In 
1932, D. A. Rozhansky came up with the idea of 
using velocity modulation in microwave devi- 
ces. Following his suggestions, A. N. Arsenyeva 
and O. Heil built the first such devices to 
generate and amplify microwave oscillations. 
Later called drift-tube klystrons, they were also 
worked upon by R. Varian and S. Varian in the 
United States. In 1940, V. F. Kovalenko of the 
Soviet Union invented the simpler reflex klyst- 
ron which is now widely used to generate and 
amplify microwave signals. 

In 1938-1941, E.N. Daniltsev, V.K. Khokh- 
lov, N.D. Devyatkov and M.D. Gurevich in 
the USSR designed disc-seal or planar-grid 
tubes for use in the UHF band. The active 
portions of the tube structure are in the form of 
planes or discs. Connections to the external 
resonators or cavities are made by means of 
metal rings attached to the disc electrodes. This 
principle was embodied in the metal-ceramic 
tubes made in Germany and in the lighthouse 
tubes that appeared at about the same time in 
the United States. 

High power output in the microwave region is 
supplied by the magnetron, a version of the 
thermionic vacuum tube. The single-anode 
magnetron was initially investigated by A. W. 
Hull of the United States in 1921. His work was 
followed up by a large group of scientists in the 
Soviet Union (A.A. Slutsky, M.T. Grekhova, 


Introduction 13 


D.S. Steinberg, V.I. Kalinin, S.A. Zusmanov- 
sky, V.S. Lukoshkov, and S. Ya. Braude), Ja- 
pan (H. Yagi and K. Okabe), France (L. Bril- 
louin), Germany (E. Habann), and elsewhere. In 
the USSR, this type of tube as we know it today 
dates back, however, to 1936-1937 when V. F. 
Alexeyev and D.E. Malyarov developed what 
has come to be called the multicavity magne- 
tron. In the United States, the first high-power 
microwave magnetron was built by J.T. Ran- 
dall and H.A.H. Boot in 1940. 

The 1930s and the later years saw a very rapid 
advance in semiconductor electronics. In the 
Soviet Union, especially valuable contributions 
in this field were made by a team of researchers 
under A.F. Ioffe in Leningrad. Their work 
covered physical processes in semiconductors, 
the effects of impurities on these processes, the 
thermoelectric and photoelectric properties of 
semiconductors, the rectification of alternating 
current by semiconductors, and many other 
issues. The theory of semiconductors formula- 
ted by the Ioffe school was later convincingly 
verified by experiments made in the Soviet 
Union. 

Mention should also be made of B.I. Davy- 
dov who was the first to theorize on the 
rectification of alternating current at the me- 
tal-semiconductor junction. His theory was la- 
ter elaborated by W. Schottky of Germany. 
Ya. I. Frenkel came out with a quantum theory 
of semiconductors, proposed the concept of 
movable vacancies in the crystal lattice of 
semiconductors (later called ‘holes’), and formu- 
lated a theory explaining electron-hole: pair 
generation. 

Also in the 1930s, copper-oxide and selenium 
rectifiers were commercialized in the Soviet 
Union. Ya.I. Frenkel, L.D. Landau, B.I. Da- 
vydov and some others formulated a theory to 
explain the generation of an emf by illuminated 
semiconductors. A team under A. F. Ioffe built 
semiconductor thermo-emf batteries which la- 
ter found a very broad field of application. Some 
of them could be put around the glass chimney 
of a kerosene lamp in order to generate electri- 
city in an amount sufficient to run a portable 
radio transmitter-receiver. Today’s space vehi- 
cles widely use as sources of electric power solar 
batteries which are assemblies of semiconductor 
thermocells. 

In the 1940s, germanium and silicon diodes, 
semiconductor thermoresistors and photoresis- 


tors were commercialized in the Soviet Union. 
In 1948, the first type of transistor, called the 
point-contact transistor, was officially announ- 
ced by V. Bardeen and W.H. Brattain of the 
United States. It was very much like the old 
familiar crystal detector but had two contacts 
known as cat whiskers that made contact on a 
small block of germanium. In the same year 
1948, W. Shockley, also of the United States, 
invented what we know as the junction transis- 
tor, a semiconductor device which consists of a 
sandwich of alternate layers of n- and p-type 
germanium or silicon. In 1949, both the point- 
contact type and the junction type were put in 
production in the USSR. 

In 1958-1960, a team under V.M. Tuchke- 
vich of the USSR designed and commercialized 
high-power silicon-controlled rectifiers and thy- 
ristors. Ten years later, the population of these 
devices all over the USSR totalled around 10 
million units capable of handling between them 
about 500 million kilowatts of power. In 1959, 
V.M. Wald-Perlov and A.S. Tager of the 
USSR invented the avalanche transit time diode 
adapted to generating microwave oscillations. 

In 1972, V.M. Tuchkevich’s team were awar- 
ded the Lenin Prize for heterojunction semicon- 
ductor devices, that is, devices using dissimilar 
semiconductor materials of opposite polarity. 
Their work had been greatly assisted by the 
contributions from Zh.I. Alferov of the Soviet 
Union. 

Since then, many more discoveries and inven- 
tions have been made and embodied in practical 
devices. Some of them will be taken up in the 
text. 


1-3 Requirements for Electronic 
Components 


The various electron devices fall in the class of 
active electronic components because they can 
rectify, amplify, generate, and change the frequ- 
ency of a.c. signals and perform other active 
processes. In contrast, there are passive com- 
ponents, such as resistors, capacitors, inductors, 
and transformers. Whatever the class of a given 
electronic component, there are some general 
requirements that they must all satisfy to be fit 
for use. 

Component manufacturers, standards or spe- 
cifications establish ratings—safe and limiting 
capabilities or conditions under which the com- 


14 Introduction 


ponents may be operated. These include nomi- 
nal (or rated) voltages, currents, power dissipa- 
tion, and the like. Since no component can be 
manufactured to have the precise rating, it is 
customary to specify also the respective to/eran- 
ces usually expressed as percentages, for examp- 
le, + 10%. 

It is vitally important for electronic compo- 
nents to have ample reliability. This refers to the 
ability of any device, component, or circuit to 
perform a required function under stated con- 
ditions for a stated period of time. This may be 
expressed as a probability. ‘Time’ may be con- 
sidered as distance, cycles, or other appropriate 
units. Reliability characteristics are those quan- 
tities used to express reliability in numerical 
terms. Electronic items are usually approached 
from the viewpoint of failure, service life, main- 
tainability, and shelf life. 

A failure refers to a complete or partial loss of 
the ability to perform a required function by a 
device, component, circuit, or any part or sub- 
system that can be separately tested. 

Service life, or lifetime, is usually limited by the 
fact that some criterion (or criteria) of an item’s 
performance degrades with time to a point 
where the item may no longer be used at all or it 
may be used ina less critical application, say, for 
educational purposes. 

Maintainability refers to the ability of a 
device, component, or circuit to be kept in 
proper operating condition. Since any piece or 
equipment is less than 100% reliable, it is 
ultimately necessary to repair and maintain it. 
Also, in systems of any complexity, certain 
trimming adjustments are necessary at various 
stages of operation. Thus, a vital consideration 
in the design of the components and equipments 
of a system is the question of how quickly and 
easily a unit in that system can be adjusted or 
repaired. However, semiconductor devices and 
electron tubes fall in the class of nonrecoverable 
items, that is, those which cannot be brought 
back to a normal service status after a failure. 
For them, maintainability should be construed 
as the adaptability of an item to an easy check 
and replacement. 

Shelf life refers to the length of time under 
specified conditions that a component retains its 
usability. It is usually found by a shelf test 
designed to measure the retention of serviceabi- 
lity after storage or transit under specified 
conditions of temperature. 


Quantitatively, reliability may be expressed in 
terms of several criteria. Most often, this is done 
in terms of the failure rate symbolized by the 
Greek letter ‘lambda’ (A). One of the definitions 
for the failure rate is as the ratio of the number n 
of like devices, components, etc., failing during 
an interval of time ¢, to the number N of devices, 
components, etc., operating at the start of the 
interval, multiplied by the time interval, or 
mathematically 


X= n/Nt (I-1) 


If the time is in hours, the unit of A will be the 
hour to the minus first power (that is, the 
reciprocal of the hour), h~‘. In other words, the 
failure rate may be defined as the fraction of 
components failing during one hour of opera- 
tion. For example, if the number of components 
under test is N = 1000, if they operated for 
t = 500 h, and two components failed in the 
meantime, the failure rate will be 


A = 2/(1000 x 500) =4 x 10-6 h7? 


Or in words, the reliability is such that four 
components out of a million may fail during one 
hour of operation. 

Failure is ordinarily classed according to 
cause, suddenness, and degree. Thus, failure can 
be sudden or gradual, that is, unanticipated by 
prior examination or anticipated. In the latter 
case, the primary cause is ageing or wear-out. It 
can also be partial, complete, or intermittent. A 
complete failure renders the failing component 
totally unfit for further use. In the case of 
a partial failure, the failing component may be 
used subject to certain limitations. There are 
various causes of failure: misuse failure is attribu- 
table to the application of stresses beyond the 
stated capabilities of the item; inherent weakness 
failure is attributable to a weakness inherent in 
the item itself when subjected to stresses within 
its stated capabilities, this weakness being due to 
either a poor design or to a poor workmanship. 

A failure that is both sudden and complete is 
termed catastrophic; one that is both gradual 
and partial is called degradation failure. 

The failure rate A of an item varies during its 
lifetime (Fig. I-1). In the early failure (or shake- 
down) period, the failure rate starts from a 
relatively high value due to defects passed 
unnoticed during quality control or misuse 
during the early days of operation. This is what 
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Fig. I-1 
Failure rate-vs-operating age (‘bathtub’) curve 


is known as the infant mortality, and it decreases 
rapidly. Next comes the period when the item is 
in useful operation. This period lies between the 
end of the shakedown period and the advent of 
wear-out. During this time, the failure rate of 
mature, well-designed equipment is at a low, 
nearly constant value. This period is the useful 
life of the item. With the advent of wear-out, the 
failure rate increases rapidly due to degradation 
processes. In the failure rate curve, sometimes 
called the ‘bathtub’ curve, this interval is marked 
as the wear-out failure period. The reliability of 
electronic equipment degrades on aircraft and, 
especially, missiles. To avoid an early failure in 
use, a manufacturer will operate and test an item 
in a process known as burn-in; it stabilizes the 
item’s characteristics. The period when an item 
is in useful operation is labelled on the failure 
rate curve as the constant-failure rate period. 

It is vitally important for electronic devices, 
components, and equipments to have an ade- 
quate resistance to various exposures and a 
good parameter stability. The list of hostile 
exposures is topped by temperature. Electronic 
components must be femperature-stable—this 
means that their parameters should remain as 
constant with changes in temperature as practi- 
cable. In most cases, an item will be heated by 
the current that is flowing through it, by nearby 
components, and by the ambient air. This is the 
reason why measures should be taken to shield 
an item against heat uptake and to withdraw 
excess heat from it (by cooling or with the aid of 
a heat sink). 

The temperature stability of a component is 
usually stated in terms of the respective tempe- 
rature coefficient. For example, in the case of 
resistors one uses the temperature coefficient of 
resistance (TCR) which is defined as the incre- 
mental change in the resistance of a resistor as a 
result of a change in thermodynamic tempera- 
ture by one degree and is expressed in kelvins to 


the minus first power: 


TCR = AR/RAt (1-2) 


where AR is the change in the resistance of the 
resistor caused by a change in temperature by 
At. 

For example, if TCR = 5 x 10°* K™!, this 
means that heating a resistor by | K will change 
its resistance by 5 x 10~* ofits original value. If 
R = 10 kQ, this change will be 5 Q per kelvin of 
temperature increase. 

Heat resistance and frost resistance refer to 
the highest and the lowest temperature at which 
an item is still capable of performing its assigned 
function normally and there will be no failure. 

Moisture resistance refers to the ability of an 
item to resist exposure to atmospheric moisture 
(humidity). Where there is a risk of water ingress 
in an electronic equipment, the latter must be 
made water resistant or water-proofed. Pro- 
tection against humidity and water is provided 
by the use of protective films and other coatings 
and also by the encapsulation of components or 
even of a complete equipment. 

Stability towards an elevated or a reduced 
pressure is important for electronic components 
that are likely to be used under such conditions. 
It is important to remember that the cooling of 
(the heat withdrawal from) an item is impaired 
as the ambient pressure goes down. 

In some applications, it is important for 
electronic components to be chemically stable. 
This may be the case when an item is likely to be 
exposed to corrosive gases or fumes or when sea 
water is likely to get inside an item or an 
equipment. 

If an equipment is to be used in a dust-laden 
atmosphere, such as may exist in a desert, the 
equipment itself and all of its components must 
be dust-proofed. 

Radiation stability refers to the ability of an 
item to operate normally while being exposed to 
visible light or ionizing radiation. Unfortuna- 
tely, some semiconductor devices cannot stand 
up properly to radiation. 

An important consideration is the resistance 
to mechanical influences. This includes shock 
resistance and vibration resistance. The latter is 
especially important for electronic equipments 
carried on board ships, aircraft, and rockets. 

Special mention should be made of tropicali- 
zation which refers to some form of design or 
treatment to combat the fungi that ruin electro- 
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nic equipment in hot, humid tropical regions 
and also to repel attack by some dielectric- 
eating insects. Thus designed or treated, the 
items are termed tropicalized. 

There are several special requirements that 
must be met by electronic devices, components, 
circuits, and equipments. Among other things, 
they must be able to perform normally in a 
desired frequency range and show an adequate 
speed of response. This is the reason why the data 
sheet of an electronic item will usually specify its 
operating frequency or its frequency limit. 

As a rule, electronic components should pre- 
ferably draw as little power from their power 
supplies as practicable (this is especially impor- 
tant for portable equipments) for their operation 
and also dissipate negligible power as heat. 

Electronic elements are required to have a 
specified dielectric strength (also called electric 
strength, breakdown strength, and electric field 
strength). It is usually stated as the maximum 
voltage that the dielectric of a given item can 
withstand without rupturing. Sometimes, the 
respective maximum current or maximum po- 
wer may be stated by a maker. 

It is always desirable that an electronic item 
should be as small in size and as light in weight 
as achievable at the present state of the art. The 
reason is that today’s electronic equipments 
pack each a very large number of components. 
This objective is currently achieved through 
miniaturization and microminiaturization. How- 
ever, this approach poses a problem: the smaller 
an item, the lower its power rating, that is, the 
maximum power it can safely dissipate. 

Importantly, electronic devices, components 
and circuits must lend themselves readily to 
a streamlined technology. This quality is usually 
referred to as producibility in the manufacturing 
industries. Also, they should preferably be made 
by a process that can easily be mechanized and 
automated because the huge multitude of elec- 
tronic components turned out currently by their 
makers in amazing numbers cannot be fabrica- 
ted with sufficient accuracy and, especially, 
repeatability by hand. There is an obvious 
advantage in the attempts by some countries to 
adopt common standards. 

The cost of electronic components is a crucial 
economic factor, but they must of necessity be 
manufactured to the most stringent quality 
requirements, so their production cannot but be 
cost-intensive. 


I-4 Semiconductor Devices in Electronics 


In its early days and for several decades that 
followed, electronics relied almost exclusively 
on vacuum and gas-filled tubes. For some time 
past, however, semiconductor devices have 
come to be the basis of state-of-the-art electro- 
nics in nearly all of its divisions. This is the 
reason why we will begin our study by dis- 
cussing semiconductor devices, and vacuum and 
gas-filled tubes will come in at a later time. 

Crystal detectors which are radio-frequency 
semiconductor diodes have been in use in 
electronics since the advent of radio communi- 
cation. Copper-oxide and selenium rectifiers 
have been used to rectify alternating current. 
For all their past records, however, the principle 
by which crystal detectors and rectifiers operate 
remained unclear for a long time. 

As compared with vacuum tubes, semicon- 
ductor devices have several important advanta- 
ges to offer, namely: 

— They are light in weight and small in size. 

— They need no heater (or filament) power. 

— They have a higher reliability and a longer 
service life (tens of thousands of hours or even 
more). 

— They are more robust mechanically (they 
readily stand up to vibration, impacts, and other 
mechanical factors). 

— They have a far better efficiency because very 
little power is dissipated in semiconductor devi- 
ces themselves. 

— They need low voltages for their operation. 
— They can be used in microelectronic circuits. 
— They are far more cheaper to make. 

However, they are prone to some limitations, 
namely: 

— The items in a single batch of semiconductor 
devices may widely differ in their parameters 
and characteristics. 

— Their behaviour and performance are strong- 
ly temperature-dependent. 

— With time the properties and parameters of 
some semiconductor devices degrade (due to 
ageing). 

— Inherent noise is sometimes greater than it is 
in vacuum tubes. 

— Many transistor types cannot be operated at 
high frequencies. 

— The input resistance of many transistors is 
only a fraction of that of vacuum tubes. 

— The useful power output of transistors is so 


Introduction 17 


far smaller than that supplied by tubes. 

— The performance of most semiconductor de- 
vices is strongly degraded by exposure to ra- 
dioactive emissions. 

Extensive work is under way in all industrial- 
ly advanced countries on improvements in 
semiconductor devices and on the use of novel, 
often unorthodox materials. Among the new 
additions to the electronic components on the 
market are semiconductor rectifiers for currents 
of thousands of amperes, transistors for frequen- 
cies of many hundred megahertz, and novel 
types of semiconductor devices capable of ope- 
ration at frequencies running in to the gigahertz 
region. 

Transistors are able to operate in nearly every 
type of electronic equipment using tubes, except 
some microwave equipments. As of this writing, 
transistors are used in amplifiers, receivers, 
transmitters, oscillators, TV receivers, measur- 
ing instruments, pulse circuits, computers, and 
many other applications. 

Semiconductor devices offer their users huge 
savings in power and a chance to cut down the 
size and weight of their equipments many times. 


The minimum power needed to drive a vacuum 
tube is 0.1 W and more; for a transistor it may be 
as low as 1 pW, that is, 1/100000th of its 
previous value. 

In semiconductor integrated circuits (ICs), 
a silicon chip a few square millimetres in area 
can hold hundreds and even thousands of 
transistors. With such IC chips, one can readily 
build computers containing many millions of 
integrated components. 

Transistors are the heart of miniature radio 
receivers and transmitters. A single flashlight 
battery is quite enough to sustain operation of 
such a set for many hours. Miniature radio 
components have specially been designed for 
use as companions for semiconductor devices, 
and together they have led to the advent of 
extremely small electronic equipment. For exa- 
mple, there are transceivers built into a handset 
and driven by the voice of the man speaking into 
the microphone. There are superminiature tran- 
sistor radio transmitters enclosed with some 
other equipment into a capsule that can be 
swallowed by a patient and relay back data 
about his stomach and intestines. 


Part One 
Semiconductor Devices 


Chapter One 
Electric Conduction in Semiconductors 


1-1 Electrons in Solids 


It is proved in physics that electrons in a solid 
cannot possess just any arbitrary energy. Each 
electron can only have a particular discrete 
energy called an energy level. 

The electrons closer to the atomic nucleus 
have lower energies, that is, they occupy lower 
energy levels. If we wish to move an electron 
away from the nucleus, we must overcome the 
mutual attraction between the electron and the 
nucleus, and this involves the expenditure of 
some energy. Therefore, the more distant elec- 
trons are more energetic, that is, they reside at 
higher energy levels. 

When an electron moves from a higher to 
a lower energy level, it releases an amount of 
energy called a quantum; a quantum of electro- 
magnetic radiation is a photon. If an atom 
absorbs one quantum of energy, the electron 
moves from a lower to a higher energy level. 
Thus, the energy carried by electrons can only 
change portionwise, that is, in quanta. 

The distribution of electrons among the ener- 
gy levels is usually shown on a diagram such as 
appears in Fig. 1-1. The horizontal lines drawn 
across the energy diagram represent each the 
energy W that an electron residing at that level 
has, 

As has been proved by the band theory of 


solids, the energy levels form closely spaced 
groups called energy bands or, simply, bands. 
The electrons occupying the external shell of an 
atom fill a number of energy levels that form 
what is known as the valence band. The valence 
electrons take part in electrical and chemical 
processes. The lower energy levels are included 
into other electron-filled bands, but these bands 
(omitted in the energy diagram) do not contri- 
bute anything to the process of electric conduc- 
tion. 

Metals and semiconductors have a great 
number of electrons occupying the higher ener- 
gy levels. These levels constitute the conduction 
band, and the electrons filling it are referred to as 
conduction electrons. They are moving at ran- 
dom, or roaming, from one atom to another. It is 
conduction electrons that are responsible for the 
high electrical conductivity of metals. 

Atoms that give up their electrons to the 
conduction band may be viewed as positive 
ions. They make up an ordered arrangement 
called the space lattice, the ion lattice, or the 
crystal lattice. The state of this lattice corres- 
ponds to an equilibrium between the forces of 
interaction among its atoms, when the total 
energy of all particles in a specimen takes on 
a minimal value. Inside the lattice, conduction 
electrons are moving in a haphazard way. 

Figure |-la shows an energy level (or energy 
band) diagram for a metal. It is important to 
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Energy-level (or energy-band) diagram of (a) a metal and (4) a dielectric 
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Fig. 1-2 
Electron distribution by energy levels in a metal 


stress that the actual pattern of energy bands is 
far more complicated, it has a very great number 
»f energy levels, and the levels are distributed 
nonuniformly. If we write the maximum energy 
of electrons at absolute zero (T= 0) as W,, the 
energy diagram may be drawn up as it appears 
Fig. 1-2. The energy W is laid off horizontal- 
». and the vertical segments represent the 
sumber N of electrons that have the energy 
shown (actually, there is a very great number of 
these vertical segments). The energy diagram in 
Fiz 1-2a corresponds to absolute zero. It shows 
‘bat the number of electrons devoid of energy is 
zero. The higher the value of energy, the greater 
‘be number of electrons having it. The maxi- 
um number of electrons have an energy equal 
to W,. The energy diagram in Fig. 1-26 is valid 
or a higher temperature. Now some electrons 
nave an energy exceeding W, and a proportion- 
ately lesser number of electrons have an energy 
ower than W,. The number of electrons having 
en energy in excess of W, decreases with 
nereasing energy. The higher the temperature of 
the material, the higher the maximum energy 
Ww. 

Figure 1-la shows that in metals there is no 
zap between the conduction band and the 
-alence band. Therefore, even at normal tempe- 
rature a great number of electrons in metals 
nave an energy sufficient for them to pass from 
tbe valence to the conduction band. Practically 
every atom of a metal donates at least one 
ectron to the conduction band. Quite logically, 
‘ne conduction electrons in metals are as nume- 
rous as the atoms. 

The pattern of energy bands is different in 
electrics. In them, the conduction band is 
separated from the valence band by what is 
called a ‘forbidden band’, that is, one where no 
©ectrons can reside (Fig. 1-15). The width, AW, 

«the forbidden band, or the difference in energy 
»etween the top level of the valence band and 


the bottom level of the conduction band, is a few 
electron-volts (eV). At normal temperature, the 
conduction band of a dielectric is populated by 
a very small number of electrons, and so the 
dielectric has a negligibly small electric conduc- 
tivity. On heating, however, some electrons in 
the valence band acquire an additional energy 
and jump into the conduction band so that the 
dielectric displays a noticeable conductivity. 

For semiconductors, the pattern of energy 
bands is similar to that shown in Fig. 1-1, but 
the forbidden band is narrower than it is in 
dielectrics, being of the order of | eV in most 
cases. This is the reason why semiconductors 
behave as dielectrics at low temperatures while 
at normal temperature a substantial number of 
electrons jump from the valence to the conduc- 
tion band. Electric conduction in semiconduc- 
tors is discussed in more detail in the sections 
that follow. 

At this writing, semiconductor devices are 
most often fabricated from germanium (Ge) and 
silicon (Si) both of which are four-valent sub- 
stances, This means that the outer shells of 
a germanium or a silicon atom have four valence 
electrons. The lattice of germanium or silicon 
consists of atoms bound together by valence 
electrons. This type of linkage is known as the 
covalent bond and is shown in Fig. 1-3. As is 
seen, each pair of atoms is orbited by two 
valence electrons shown as small filled circles or 
dots. In a two-dimensional view of the lattice 
(Fig. 1-4), the covalent bonds are shown as 
straight lines, and the shared electrons as small 
filled circles (or they may be omitted altogether). 
As is seen, each atom of a pair contributes one 
electron to the shared pair that constitutes an 
ordinary chemical bond. 
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Fig. 1-3 
Covalent bonding between germanium atoms 


Fig. 1-4 
Two-dimensional model of the germanium crystal 


lattice 


1-2 Intrinsic Electron and Hole Conduction. 
Drift Current 


In terms of electric conductivity,* semicon- 
ductors stand midway between conductors and 
dielectrics. 

At T= 300 K, the electric conductivity of 
conductors is 10*-10° S cm~?. (As will be 
recalled 1 S cm™! is the electric conductivity of 
1 cm? of a material.) The figure for dielectrics is 
less than 10~1° Scm™!, and for semiconductors 
it ranges from 107 !° to 10* S cm“ ?. As is seen, 
the electric conductivity of semiconductors ex- 
tends across a very broad range. Most substan- 
ces occurring in nature are semiconductors. At 
this writing, semiconductors used for commer- 
cial purposes include primarily germanium and 
silicon, and also gallium arsenide (GaAs), indi- 


* Not to be confused with ‘electric conduction’, 
which is the ability of a material to transmit electricity. 
Electric conductivity is the numerical measure of 
electric conduction. 


um antimonide (InSb), indium phosphide (InP), 
and some others. 

Typically, semiconductors have a negative 
temperature coefficient of resistance. In other 
words, a rise in temperature brings about a fall 
in the resistance of semiconductors, and not the 
other way around as happens with most solid 
conductors. Also, the resistance of semicon- 
ductors heavily depends on their impurity con- 
tent and exposure to external factors, such as 
light, an electric field, an ionizing radiation, etc. 

Semiconductor diodes and transistors de- 
pend for their operation on the fact that two 
types of electric conduction exist in semicon- 
ductor materials. Like metals, they show elec- 
tron conduction, that is, the flow of current due to 
the motion of conduction electrons. At ordinary 
operating temperatures, any semiconductor al- 
ways has conduction electrons which are only 
loosely tied to the atomic nuclei and are in 
a random thermal motion among the lattice 
atoms. When exposed to a potential difference, 
these roaming electrons can constitute an or- 
dered flow while retaining their roaming be- 
haviour. This additional flow is an electric 
current. 

The other type of conduction displayed by 
semiconductors but nonexistent in metals is hole 
conduction. Since it is a distinction of semi- 
conductors, hole conduction deserves a more 
detailed discussion. 

In a semiconductor atom, thermal or other 
factors may cause one of the valence electrons 
most distant from the nucleus to jump into the 
conduction band. As a result, the atom will 
acquire a positive charge numerically equal to 
that on the electron. This atom may be called 
a positive ion, It should be borne in mind, 
however, that in the case of the true ionic 
conduction, such as is observed in electrolytes, 
the current is constituted by the flow of ions (the 
very word ‘ion’ means ‘a traveller’). In hole 
conduction, an entirely different mechanism is 
involved —the crystal lattice of semiconductors 
is sufficiently strong, so its ions remain sta- 
tionary rather than move. 

The vacancy left in the valence band of 
a semiconductor due to an electron being lost 
from the band by, say, thermal excitation has 
come to be known as a hole. Holes behave like 
positive charge carriers. 

The way a hole is produced can be seen in 
Fig. 1-5 which is the already familiar two-di- 
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mensional model of a semiconductor. On re- 
ceiving an additional energy, one of the elec- 
trons contributing to a covalent bond becomes 
a conduction electron, that is, a charge carrier 
which is free to move about in the crystal lattice. 
As it does so, it leaves behind a vacancy, that is, 


a hole shown as an open circle in the figure. 

Under the influence of an applied potential 
difference (or electric field), a hole is caused to be 
propagated through the lattice, which is equi- 
valent to the motion of a positive charge. This 
process is depicted in Fig. 1-6 which shows 
several atoms of a semiconductor material at 
several instants. Let, at the initial instant 
(Fig. 1-6a), a hole be produced in the atom on 
the extreme left (/) due to its loss of an electron. 
The electron-deficient atom (shown shaded) is 
positively charged and can attract an electron 
from one of its neighbours (2). When an electric 
field (or a potential difference) is applied to the 
material, the field tends to move electrons from 
the negative towards the positive potential. 
Therefore, during the next instant (Fig. 1-65) 
one electron from atom 2 jumps into atom / and 
fills the vacant hole, while leaving a new va- 
cancy, or hole, behind in atom 2. Then an 
electron from atom 3 will jump into atom 2 to fill 
its vacant hole, thereby causing a further hole to 
appear in atom 3 (Fig. 1-6c), and so on. This 
chain of events will go on until the hole has 
moved from the atom on the extreme left to the 
atom on the extreme right. In this way, the 
positive charge originally produced in atom 
! will have moved to atom 6 (Fig. 1-6f). 

Thus, as we have seen, the electric current 
produced in the case of hole conduction is 
likewise due to the motion of electrons, but their 
motion is more limited than in the case of 
electron conduction. An electron can move from 
an atom only to its neighbour. Also, the effective 
movement of the hole due to a process of 
continuous exchange is in the direction of the 
positive field, that is, opposite to the direction of 
electron movement. 

The situation we have just described may be 
likened to a concert-hall with rows of chairs 
occupied by spectators. Suppose that a spec- 
tator in the first row leaves his seat and a 
spectator from the row next behind him fills the 
vacant place. In turn, a spectator in the third 
row moves forward and occupies the vacant seat 
in the second row. Finally, a spectator from the 
last row moves forward to take up the vacant 


Fig. 1-5 
Electron-hole pair generation 
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Fig. 1-6 
Hole conduction 


seat in the last-but-one row. Thus, the vacant 
seat originally left in the first row has finally 
moved to the last row. In this example, the 
spectators act similarly to the electrons and the 
consecutively vacated seats similarly to the 
holes in our previous example. Thus, the seats 
(that is, ‘holes’) remained stationary, and only 
the spectators (that is ‘electrons’) move in 
succession. 

The best way to explain electric conduction in 
semiconductors is by reference to their energy 
band diagram (Fig. 1-7). As we know, the width 
of the forbidden band (band gap) in semi- 
conductors is relatively small (being 0.72 eV for 
germanium and 1.12 eV for silicon). At absolute 
zero, a semiconductor free from impurities is 
a dielectric —it has neither conduction electrons 
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Fig. 1-7 
Pattern of energy levels in a semiconductor 


nor holes. As its temperature is raised, however, 
the semiconductor acquires an ever greater 
electric conductivity because heating imparts an 
additional energy to the electrons in the valence 
band, and an_ ever’ greater number 
of them cross the forbidden band and jump from 
the valence band into the conduction band. This 
is illustrated in Fig. 1-7 by a solid arrow. That is 
how conduction electrons are produced and 
electron conduction takes place. Each electron 
moving into the conduction band leaves behind 
in the valence band a vacancy, or a hole. In this 
way, the valence band acquires conduction 
holes, and their number is equal to that of 
electrons that have moved into the conduction 
band. Thus, electron conduction is accompa- 
nied by hole conduction. 

Electrons and holes that can move and bring 
about electric conduction are called mobile 
charge carriers or simply charge carriers (or still 
simpler, carriers). It is customary to say that 
thermal excitation results in the generation of 
electron-hole pairs. Electron-hole pair genera- 
tion may likewise be brought about by light, an 
electric field, an ionizing radiation, etc. 

Both conduction electrons and holes move in 
a random fashion, and this is responsible for a 
process which is the reverse of electron-hole pair 
generation. Conduction electrons eventually re- 
occupy vacancies in the valence band, that is, 
recombine with holes. Quite aptly, this oc- 
currence is referred to as electron-hole pair 
recombination. During this process, an electron 
moves from the conduction band into the 
valence band as shown by the dashed arrow in 
Fig. 1-7. Electron-hole pair generation and re- 
combination occur at the same time always. 
Recombination limits the increase in the num- 
ber of electron-hole pairs, so for each particular 
temperature of the material there is a certain 
definite number of each species. In this way, 


their populations are in a state of dynamic 
equilibrium. To state this a bit differently, ever 
new pairs of electrons and holes are generated 
all the time, and those produced ‘earlier re- 
combine as continuously. 

A semiconductor free from impurities is called 
an intrinsic, or i-type, semiconductor. It possesses 
intrinsic electric conduction which, as has been 
shown, is a combination of electron conduction 
and hole conduction. Importantly, although an 
intrinsic semiconductor has equal concentra- 
tions of electrons and holes under conditions of 
thermal equilibrium, electron conduction is pre- 
dominant. This is because electrons have a 
greater mobility as compared with holes. It is 
easy to understand why this is so: in the case of 
hole conduction, the electrons are more limited 
(less free) to move about than in the case of 
electron conduction. 

The electric conductivity of a semiconductor 
depends on its carrier concentration which is 
defined as the number of charge carriers per unit 
volume, in practice usually quoted as a number 
per cubic centimetre.* One way to symbolize the 
carrier concentration is with the letters n (for 
‘negative’) in the case of electron concentration 
and p (for ‘positive’) in the case of hole con- 
centration. Obviously, in an intrinsic semicon- 
ductor 
ni = Pj 
where the subscript “i” indicates that we refer to 
an intrinsic semiconductor. 

One cubic centimetre of a metal or semi- 
conductor specimen has a number N of atoms of 
the order of 1077. At a temperature close to 
20°C, the (approximate) carrier concentration 


for pure germanium is 
3 


66299 
1 


n, =p, = 10? cm7 
and for silicon, 
maip = 10° om? 


Thus, at room temperature the ratio of mobile 
carriers to the total number of atoms in an 
intrinsic semiconductor is about 10°7% for 
germanium and about 10~1°% for silicon. In 
metals, the number of conduction electrons is no 
less than that of atoms (n > N). Therefore, the 
electric conductivity of semiconductors is a few 
millionths or even a few thousand-millionths of 


* Some authors term this quantity as the carrier 
density.— Translator’s note. 
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that of metals. For example, the resistivity at 
room temperature is 0.017 x 10°*Q cm for 
copper, about 50 Q2 cm for germanium, and 
about 100000 Q cm for silicon (1 Q cm is the 
resistance of one cubic centimetre of a material). 

If no voltage is applied to a semiconductor 
specimen, its conduction electrons and holes 
will be in a chaotic thermal motion, and there 
will of course be no net flow of current. When a 
potential difference is applied to a semiconduc- 
tor specimen, it sets up an electric field which 
accelerates the electrons and holes and imparts 
them some translational motion which consti- 
tutes what is known as the conduction current. 

An alternative name for the motion of charge 
carriers under the influence of an applied field is 
drift, and the associated current is referred to as 
the drift current, iy, The total conduction cur- 
rent is the sum of the electron drift current i, 4, 


and the hole drift current /, 4,: 


(1-1) 


Although electrons and holes move in op- 
posite directions, the two currents are added 
together because the motion of holes is in effect 
the motion of electrons. For example, in an 
intrinsic semiconductor i,4,=6mA, and 
i,.ar = 3 mA, and so the total or net conduction 
current is iy, = 9 mA. 

In order to establish the factors that affect the 
net current, it is convenient to consider the 
current density rather than the current itself. 
Obviously, the drift (net) current density J4, is 
the algebraic sum of the electron and hole 
current densities 


Jar = Inde + J 


lar = Un ar cE 'p,dr 


(1-2) 


Since current density is defined as the ratio of 
the current to the cross-sectional area of the 
current-carrying medium per second, we may 
write the electron current density as 


p.dr 


(1-3) 


J yar = nyeu, 
where n, is the concentration of electrons, e is the 
charge on an electron, and u, is the average 
velocity at which electrons move translationally 
under the influence of an applied field. 

It is important to remember that the average 
velocity takes into account the random thermal 
motion of electrons during which they collide 
with the atoms of the lattice many times. During 
the time interval from one collision to another 
each electron is accelerated by the field, and so u,, 
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is proportional to the electric field strength E: 
(1-4) 
where pL, is a proportionality coefficient called 


the electron mobility. Its meaning is easy to grasp 
if, using Eq. (1-4), we write 


Un = Hy 


H, = u,/E (1-5) 


As follows from Eq. (1-5), when £ = 1, the 
electron mobility 1, is equal to the average 
velocity of electrons as they move under the 
influence of an applied electric field of unity 
strength. If we express the velocity in centi- 
metres per second and the field strength in volts 
per centimetre, the unit of carrier mobility will 
be 


(em s~4)/(V cem~') = cm? V7! 57} 


For example, at room temperature the elec- 
tron mobility for pure germanium is 
3600 cm? V~!s~!. In other words, an electric 
field whose intensity is 1 Vcm~? will cause the 
conduction electrons in a specimen of pure 
germanium to move in the direction of the field 
with an average velocity of 3600 cm s~'. Elec- 
tron mobility is different for different semi- 
conductors and tends to decrease with rising 
temperature because the electrons collide with 
the atoms of the crystal lattice far more often. 

On expressing the velocity in Eq. (1-3) in 
terms of p,£, we get 


J nde ar nep,E (1-6) 


The product ne, in Eq. (1-6) is the electron 
conductivity whose symbol is o,. Hence, 
Inde = OnE (1-7) 

The relations and the reasoning given above 
may be extended to include conduction holes as 


well. Then, the hole current density will be given 
by 


J», dr = Pen ,E (1-8) 


where the product pep, is the hole conductivity 
G,. 

Pp 

Hence, the total drift (net) current in an 


intrinsic semiconductor is 

Jar = NiehnE + PyehpE =(o, + 0,)E (1-9) 
and the total conductivity, 
o=6,+ 6, =n,e(H, + H,) (1-10) 


Thus the conductivity of a semiconductor is 
a function of both the carrier concentration and 
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the carrier mobility. In semiconductors, a rise in 
temperature promotes electron-hole pair gene- 
ration, and the mobile carrier concentration 
builds up faster than their mobility decreases. As 
a result, a rise in the temperature of a semicon- 
ductor specimen leads to an increase in its 
conductivity. By way of comparison, it may be 
noted that in metals the conduction electron 
concentration is almost independent of tempe- 
rature, so a rise in the temperature of a metal 
specimen leads to a fall in its conductivity due to 
a decrease in the electron mobility. 

It is also to be recalled that p,, <p, always, 
and so o, < 6, For example, at room tempera- 
ture p,, = 3600 cm? V~' s~* and p, = 1820 cm? 
V~' s~! for germanium, and up, = 1300 cm? 
V~'s-* and p, = 460 cm? V~' s“' for silicon. 


1-3 Extrinsic Conduction 


If a semiconductor contains other substances 
as impurities, it will display what may be called 
extrinsic conduction in addition to its intrinsic 
conduction. It depends on the type of impurity 
(or impurities) present, and may be electron or 
hole conduction. For example, if we dope (as it is 
said) pure germanium which has four electrons 
in its valence band with a controlled amount ofa 
donor element having five electrons in its valence 
band, such as antimony (Sb), arsenic (As), or 
phosphorus (P), under proper physical condi- 
tions, atoms of the impurity element will take 
the places of germanium atoms in their crystal 
lattice, and four of the five valence electrons will 
perform in the manner of the four germanium 
valence electrons they have displaced. But the 
fifth valence electron of the impurity atom will 
be free to move on and form conduction current. 
Antimony, arsenic, phosphorus and other ele- 
ments with five valence electrons are called 
donors because they donate electrons to the 
host crystal. On giving up their fifth valence 
electrons, the donor atoms become positively 
charged. How the above process takes places in 
the case of antimony as the donor impurity and 
a germanium crystal as the host is shown in the 
two-dimensional lattice pattern of Fig. 1-8. 

Semiconductors showing a predominance of 
electron conduction are called n-type semicon- 
ductors. An energy band diagram for an n-type 
semiconductor is shown in Fig. 1-9. The energy 
levels of the donor atoms are situated only 


Fig. 1-8 
Mechanism of extrinsic electron conduction 
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Fig. 1-9 
Energy-band diagram of an n-type semiconductor 


slightly below the conduction band of the host 
material. Therefore, one electron from each 
donor atom can readily jump into the conduc- 
tion band, and an additional number of elect- 
rons, equal to that of donor atoms, is added to 
that band. No holes are produced in the donor 
atoms as a result of this process. 

Now consider the elements boron (B), indium 
(In), and aluminium (Al). Each of them has only 
three electrons in their respective valence band. 
When controlled amounts of any one of these 
elements are added to highly refined germanium 
(Ge), their atoms will displace germanium atoms 
in their crystal lattice. In this case there will be 
one incomplete bond on a neighbouring germa- 
nium atom. The missing electron constitutes 
a hole which may be neutralized electrically by 
an electron jumping into it from nearby bond 
and thus effectively moving the hole to a new 
position in the germanium specimen. Boron, 
indium, aluminium, and other impurity elements 
with three valence electrons are called acceptors 
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because they take on electrons from the crystal 
instead of donating them as do arsenic and 
antimony. On capturing these electrons, the 
acceptor atoms are charged negatively. The 
process we have just described is diagrammati- 
cally shown in Fig. 1-10. 

Semiconductors showing a predominance of 
hole conduction are called p-type semiconduc- 
tors (Fig. 1-11). The energy levels of the accep- 
tor atoms are located only slightly above the 
valence band. The electrons from the valence 
band where holes are thus produced can readily 
jump into these levels. 

Semiconductor devices are mostly made of 
semiconductor materials containing donor or 
acceptor impurities, and they are called extrinsic 
semiconductors. In such semiconductors all of 
the impurity atoms contribute to extrinsic con- 
duction at normal operating temperatures by 
donating or accepting an electron each as the 
case may be. 

For extrinsic conduction to exceed intrinsic 
conduction, the donor atom concentration Ng 
or the acceptor atom concentration N, should 
exceed the intrinsic carrier concentration n,; = p;. 
In the practical manufacture of extrinsic semi- 
conductors, N, or Ng is always many times n; or 
p,. For example, in the case of germanium which 
has n; = p, = 10'* cm~? at room temperature, 
N., and N, may range anywhere between 101° 
and 10!§ cm~?, which is 10? to 10° times the 
intrinsic carrier concentration. In our subse- 
guent discussion, we will give examples for 
germanium at room temperature. 

Thus, conduction in n-type germanium at 
ordinary temperature is by means of electrons 
supplied by the donor impurity. These excess 
electrons are spoken of as majority carriers. 
Conduction in p-type germanium at ordinary 
temperatures is by means of holes that are 
created when an acceptor impurity is added. 
Now the ‘doped’ germanium has an excess of 
these ‘missing negative charges’ in its atoms. 
Holes are thus in the majority, and in this 
situation they are called the majority carriers. 
The remaining carriers of opposite sign in each 
case are called minority carriers. 

If N4>>7,, we may neglect the intrinsic carrier 
concentration (that is, that of electrons), and 
then 1* = Ng. Taking n-type germanium as an 


\ . 
* Here and elsewhere the subscripts n and p refer, 
respectively, to n- and p-semiconductors. 
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Fig. 1-10 
Mechanism of extrinsic hole conduction 
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Fig. 1-11 
Energy-band diagram of a p-type semiconductor 
example, n, may be about 107 '® cm~ 3. Clearly, 
as compared with this figure, one need not 
consider the intrinsic carrier concentration 
which is n, = 1013 cm™!, or by a factor of 1000 
smaller. 

The minority carrier concentration in an 
extrinsic semiconductor decreases in the same 
proportion as the majority carrier concentra- 
tion increases. Thus, if i-type germanium has 
n; = p; = 10'? cm~3, and doping it with a do- 
nor impurity increases the figure 1000-fold to 
n, = 10° cm~ 3, the minority carrier (hole) con- 
centration will fall to 1/1000th of its previous 
value to become p, = 10!° cm~3, which is one 
millionth of the majority carrier concentration. 
The explanation is that when the conduction 
electron concentration is increased 1000-fold 
due to the contribution from donor atoms, the 
lower energy levels in the conduction band are 
filled full, and electrons from the valence band 
can now jump only to the higher energy levels of 
the conduction band. For this ‘jump’ to occur, 
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however, the electrons must have a greater 
energy than they do in an intrinsic semiconduc- 
tor, and so much fewer electrons are capable of 
doing this. The number of holes in the valence 
band then decreases in about the same sizeable 
proportion. It has been found that n-type extrin- 
sic semiconductors always satisfy the following 
equality: 


NPn = Nip, =n} = pt (1-11) 
In our example, 
10© x 101° = (1013)? = 1076 


Everything said about n-type semiconductors 
fully applies to p-type semiconductors. In them, 
N, > P;, and we may deem that p, ~ N,. For 
example, in the case of p-type germanium the 
figures may be p, = 10'° and n, = 10'° cm~?. 
For p-type semiconductors, the equality 


Pplly = Nip; = Mi = PP (1-12) 


also holds always. 


As we have seen, even minute amounts of an 
impurity can drastically change both the type of 
conduction and the magnitude of conductivity 
of a semiconductor. Indeed, with as many as 
4.4 x 107? germanium atoms enclosed in every 
cubic centimetre of the material, an impurity 
concentration of 10'® cm~? will amount to 
adding only one impurity atom to the four-odd 
million germanium atoms. That is, the impurity 
will account for as little as 10°*% of the total 
material. Nevertheless, the majority carrier con- 
centration is increased 1000-fold and the con- 
ductivity is improved in the same proportion. 

The manufacture of semiconductors carrying 
such negligible and closely controlled amounts 
of an impurity is a very sophisticated process. 
On top of that, the host material must be 
extremely pure—for germanium the tolerance 
on any unwanted impurities is not over 107 8% 
which works out to not more than one atom per 
10 thousand million germanium atoms. In sili- 
con, the unwanted impurities may be present in 
an amount not exceeding 10°''% which is 
a still tighter tolerance. 

The electric conductivity of extrinsic semicon- 
ductors is determined in the same way as for 
intrinsic semiconductors. If we neglect the con- 
ductivity due to the minority carriers, then we 
may write for n-type and p-type semiconductors, 


o, =n,eu, and o, = p,eH, (1-13) 
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Fig. 1-12 


Current in (a) an n-type semiconductor and (db) 
a p-type semiconductor 


Consider the flow of current through each 
type of semiconductor, while neglecting the 
current due to the minority carriers for simpli- 
city. As before, Fig. 1-12 shows holes as open 
(unshaded) circles, and electrons as filled circles 
(or dots). The “+” and “—” signs indicate the 
polarity of charge on the atoms of the crystal 
lattice. When an emf is applied from an external 
source to an n-type semiconductor, it causes 
conduction electrons to move both in the wires 
connecting the specimen to the emf source and 
in the specimen itself. In a p-type semiconductor 
an applied emf will likewise cause electrons to 
move in the connecting wires, but the current in 
the semiconductor should be regarded as the 
motion of holes. The electrons coming from the 
negative side fill the holes, and the positive side 
receives the electrons arriving there from the 
adjacent regions of the specimen where holes are 
thus produced, and they move from the right- 
hand to the left-hand side of the specimen (in the 
picture). 

In electrical engineering, it is customary to 
think that an electric current flows from a “+” 
terminal to a “—” terminal. When considering 
electron devices, it is convenient to consider the 
actual direction of current flow—from the “—” 
to the “+” terminal. We will indicate this 
direction by an arrow with a bold dot at the 
start, and the assumed (or conventional) direc- 
tion by an arrow without a dot. 


1-4 Carrier Diffusion in Semiconductors 


The carriers present in a semiconductor move 
by one of two mechanisms, drift or diffusion. 
Drift, as we have just seen, is the motion caused 
by the presence of an electric field—due to the 
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field, the carriers acquire a directed component 
of motion. The sum of the directed components 
of drift constitute what we have called the drift 
current in the specimen. But carriers also move 
by the process of diffusion, giving rise to the 
diffusion current. Its cause is the difference in 
carrier concentration and not in potential be- 
tween different parts of a specimen. 

If the carriers in a specimen are distributed 
uniformly, we have an equilibrium carrier con- 
centration. Some external factors may upset this 
equilibrium concentration so that it is higher in 
one region and lower in some other (a nonequi- 
librium concentration). For example, if we throw 
a beam of light on some part of a semiconductor 
specimen, more electron-hole pairs will be gene- 
rated there, and this will produce what is known 
as an excess concentration. 

Since carriers always have a kinetic energy of 
their own, they always tend to move from 
regions of high concentration to regions of low 
concentration until it is the same throughout the 
specimen. 

Diffusion is likewise displayed by species 
other than mobile charge carriers. It is a proven 
fact, for example, that molecules do diffuse in 
many substances. Whatever the kind of species 
involved, however, the cause of diffusion is 
always the same-—a difference in species con- 
centration between various regions in a sample, 
and the diffusion itself is effected at the expense 
of the energy that the species involved possess 
due to thermal motion or excitation. 

Similarly to the conduction current, the diffu- 
sion current, symbolized as ig;-, may be consti- 
tuted by electrons or by holes. The respective 
densities are given by 


Jn ai¢ = @D,An/Ax 
and 
Jy aig = —eD,Ap/Ax (1-14) 


where the terms An/Ax and Ap/Ax are referred 
to as the concentration gradients, and the quanti- 
ues D, and D, as the diffusion coefficients. 

The concentration gradient is a measure of 
the difference in carrier concentration (free 
electrons or holes) from point to point in 
a semiconductor per unit length. The greater the 
change in electron or hole concentration, An or 
Ap, over the distance Ax, the greater the diffu- 
sion current. No diffusion current exists when 
An = 0 or Ap = 0. 


Fig. 1-13 


Motion of holes in the presence of a concentration 
difference 


The diffusion coefficient is a measure of the 
rate at which the process of diffusion occurs. It is 
proportional to the carrier mobility, differs from 
one material to another, and is a function of 
temperature, or mathematically 


D = ukT/e 


where pt is the carrier mobility, k is the Boltz- 
mann constant, Tis the thermodynamic tem- 
perature, and e is the electron charge. It is ex- 
pressed in square centimetres per second. The 
diffusion coefficient of electrons is always grea- 
ter than that of holes. Taking germanium at 
room temperature, it is D, = 98 cm? s_! and 
D, = 47cm? s~'. For silicon, the respective 
figures are D, = 34 cm? s~* and D, = 12 cm? 
Se. 

The “—” sign in the equation defining the 
diffusion current density for holes indicates that 
the hole current is flowing towards a region of 
lower hole concentration. This is explained in 
Fig. 1-13 which shows that when the hole 
concentration builds up with increasing x, the 
holes are moving in a direction which is opposite 
to the positive x-axis. Hence, the hole current 
must be taken as negative. 

If we let some external factor produce an 
excess carrier concentration in some region of 
a semiconductor and then remove this factor, 
the excess carriers will recombine and propagate 
by diffusion to other regions of the specimen. 
The excess concentration will decrease exponen- 
tially, as shown in the plot of Fig. 1-14 for the 
electron concentration. The time during which 
the excess concentration is reduced by a factor of 
2.7, that is, falls to 0.37 of its original value, no, is 
called the lifetime of nonequilibrium carriers, t,,. 
It describes how fast the excess concentration of 
carriers decreases. 

Nonequilibrium carriers recombine both in- 
side the semiconductor and on its surface, and 
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the recombination rate strongly depends on the 
amount and kind of impurities present and the 
surface conditions. The value of t, for germa- 
nium and silicon may range from a fraction of 
a microsecond to hundreds of microseconds or 
even longer, depending on the circumstances. 

When nonequilibrium carriers (say, electrons) 
propagate through a specimen by diffusion, 
their concentration likewise decreases with dis- 
tance exponentially due to recombination 
(Fig. 1-15). The distance L, over which the 
excess concentration of nonequilibrium (usu- 
ally, minority) carriers is reduced by a factor of 
2.7, that is, falls to 0.37 of its original value no, is 
called the diffusion length. It describes how the 
excess concentration decreases with distance. In 
more rigorous terms, it is defined as the average 
distance that the minority carriers move in 
a homogeneous semiconductor between genera- 
tion and recombination. 

Thus, the excess concentration decreases both 
with time and distance, and so the lifetime t, and 
the diffusion distance L, are interconnected by 
a relation of the form 


L, = (D, t,)"? (1-15) 


All we have said about excess electrons fully 
applies to excess holes, but t, and L, take on 
different values, of course. 

Conduction current and diffusion current, 
electron-hole pair generation and recombina- 
tion, changes in the excess carrier concentration 


exc 


Fig. 1-14 
Time variations in excess charge concentration 


Fig. 1-15 
Spatial variations in excess charge concentration 


with time and distance do not exhaust the 
multitude of complex processes that take place 
in semiconductors, but they are most important 
and their knowledge permits a proper insight 
into the workings of semiconductor devices. 


Chapter Two 
P-N and Metal-Semiconductor Junctions 


2-1 A P-N Junction with No External 
Voltage Applied 


The term junction in our case refers to the 
boundary, or the region of transition, between 
n-type and p-type semiconductor materials; 
hence the name a p-n junction. A p-n junction 
has an unsymmetrical conductivity or, which is 
the same, it has a nonlinear resistance. Most 
semiconductor devices (diodes, transistors, etc.) 
depend for their operation on the properties of 
one or several p-n junctions. Let us take a closer 
look at what happens in a p-n junction. 


We assume that no external voltage is applied 
across the p-n junction (Fig. 2-1). Because the 
carriers in each semiconductor move about in 
a random manner due to thermal excitation 
(that is, they have their own velocities), they 
diffuse from one semiconductor into the other. 
As with any form of diffusion, such as in gases or 
liquids, the carriers move from a region of high 
concentration to a region of low concentration. 
For this reason, electrons diffuse from the n-type 
semiconductor where their concentration is 
high into the p-type semiconductor where their 
concentration is low. Conversely, holes diffuse 
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Fig. 2-1 
P-N junction with no external bias applied 


from the p-type semiconductor where their 
concentration is high into the n-type semi- 
conductor where their concentration is low. 
This process is shown by the arrows in 
Fig. 2-la. The circles labelled with the “+” and 
“_” signs represent the donor and acceptor 
impurity atoms charged positively and nega- 
tively, respectively. 

As a result of the diffusion process described 
above, charges of opposite sign are produced on 
each side of the boundary between the n-type 
and p-type material, a positive charge in the 
n-region and a negative charge in the p-region. 
The positive charge in the n-region is mainly 
formed by the positively charged atoms of the 
donor impurity and, in part, by the holes that 
have come across the junction. The negative 
charge in the p-region is mainly formed by the 
negatively charged atoms of the acceptor im- 
purity and, in part, by the electrons that have 
come across the boundary. For simplicity, 
Fig. 2-la only shows the carriers and the im- 
purity atoms in the transition region. 

What is known as the contact potential dif- 
ference 


Veont = 9, ia: Q, 


is produced between the two charges which give 
rise to an electric field (field intensity vector 
Esont)- Figure 2-1b shows a potential diagram 
for the p-n junction that we have taken as an 
example, assuming that no external voltage is 
applied across the junction. In this diagram 
which shows the potential distribution along the 
x-axis perpendicular to the p-n junction, the 
boundary layer is assumed to be at zero po- 
tential. In fact, we may have taken either the 
n-region or the p-region to be at zero potential. 
The diagram in Fig. 2-1! and in the subsequent 
figures is shown on an exaggerated scale for ease 
of visualization. Actually, the p-n junction is 
extremely thin in comparison with the n- or 
p-region. 

Importantly, space charges of opposite signs 
are produced near the boundary between the n- 
and p-regions, while the positive potential ,, or 
the negative potential ¢, is the same throughout 
the n-region or p-region, respectively. If different 
potentials existed in different parts of, say, the n- 
or p-region, this would produce a current which 
would finally equalize the potential throughout 
the respective region all the same. It should be 
remembered that charge and potential have 
a different physical meaning. A region at some 
potential need not necessarily possess a charge. 

Thus, each kind of charge finds itself sur- 
rounded by charges of opposite sign, and re- 
combination takes place. Figure 2-la shows the 
junction after diffusion and recombination have 
happened. The boundary region soon becomes 
devoid of holes on the p-side and of electrons on 
the n-side. The result is an accumulation of 
positive charges at the border on the n-side and 
of negative charges on the p-side of the border. 
These are called bound charges by some authors. 
They are positive and negative ions that cannot 
move about. Two equal and opposite charges 
separated a small distance are called a dipole, 
and in this situation there is what is called 
a dipole layer. Such a layer is present in all p-n 
junctions. 

Free electrons on the n-side cannot go over to 
the p-side because of the opposing forces of its 
negative ions, and free holes on the p-side 
cannot go over to the n-side because of the 
opposing forces of its positive ions. 

As is seen, a potential barrier is produced in 
the p-n junction, preventing any further dif- 
fusion of carriers into the opposite regions. 
Figure 2-15 shows a potential barrier for elec- 
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trons which tend to move by diffusion from left 
to right (from the n- to the p-region). If we lay off 
the positive potential upwards, we can plot an 
image of a similar potential barrier for holes 
tending to diffuse from right to left (from the p- 
into the n-region). 

The height of this barrier is equal to the 
contact potential difference and usually is a few 
tenths of a volt. The higher the impurity con- 
centration, the greater the majority carrier den- 
sity, and the greater the number of majority 
carriers that are capable of diffusing across the 
boundary. The space charge density increases, 
and the contact potential difference v,,,,, goes 
up, which is another way of saying that the 
potential barrier builds up. At the same time, the 
thickness d of the p-n junction is reduced 
because the respective space charges are formed 
in boundary layers of a progressively smaller 
thickness. Assuming an average impurity con- 
centration in the case of germanium, we 
obtain Ug4n, = 03-04 Vo and =d=107*- 
10~° cm. At the high impurity concentrations 
produced in some semiconductor devices, 
Ucont © 0.7 V and d= 10° cm. 

The diffusion of majority carriers across 

the junction is accompanied by the reverse 
migration of carriers under the influence of the 
electric field.set up by the contact potential 
difference. This field moves holes from the 
n-region back into the p-region, and electrons 
-from the p-region back to the n-region. In 
Fig. 2-la, this drift of minority carriers is 
likewise shown by arrows. So long as the 
temperature of the specimen and of the sur- 
roundings remains unchanged, the p-n junction 
resides in a state of dynamic equilibrium. A 
definite number of electrons and holes diffuse 
every second across the boundary in the op- 
posite directions, and as many of them are 
caused to drift by the field in the respectively 
reverse directions. 

It is easy to think up a mechanical analogy of 
the process if we imagine that Fig. 2-1b shows a 
hill, and liken electrons to balls that go up this 
hill at various velocities corresponding to the 
thermal velocities of electrons. As they move 
uphill due to their initial velocities, the balls 
gradually slow down until they come to a 
complete stop at some definite height, and then 
roll downhill by gravity. This analogy holds for 
holes as well. 

We have defined the motion of carriers due to 
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diffusion as the diffusion current i,;-, and the 
motion of carriers due to the action of the field as 
the drift current i,,. In a steady state, that is, in 
a state of dynamic equilibrium, the two currents 
are equal in magnitude and opposite in sign. 
Therefore, the net current across the p-n junc- 
tion is zero, as it should be so long as no external 
voltage is applied to it. The two components 
may take on a range of values, depending on the 
carrier concentration and mobility. The height 
of the potential barrier is always such that 
a state of equilibrium is established. In other 
words, the diffusion current and the drift current 
completely balance out each-other. This can be 
proved as follows. Suppose that for one reason 
or another (say, a rise in temperature), the rate of 
diffusion goes up. This will bring about an 
increase in the diffusion current, because a 
greater number of carriers will diffuse across the 
boundary. This will in turn build up the space 
charges and potentials on both sides of the 
boundary, the contact potential difference v,,., 
will rise, and this will mean that the electric field 
across the junction will gain in strength and a 
higher potential barrier will result. However, an 
increase in the field strength brings about a 
proportionate increase in the drift current, that 
is, in the reverse migration of carriers. So long as 
igig Femains greater than i,,, the potential bar- 
rier will go up in height. In the long run, 
however, the increase in /,, will make it equal to 
igi¢s ANA Veoy Will cease building up. 

Figure 2-1c shows the distribution of carrier 
concentration in a p-n junction. This pattern is 
typical of germanium. Since the concentrations 
of majority and minority carriers differ by about 
six orders of magnitude or even more, the 
concentrations are laid off vertically on a loga- 
rithmic scale. The impurity concentrations in 
the n- and p-regions are ordinarily different. 
Exactly such a case is shown in Fig. 2-Ic. It is 
taken that the majority and minority carrier 
concentrations respectively are n, = 10'8 cm~3 
and p, = 10° cm~? in the n-type material, while 
for the p-type material where the impurity 
concentration is lower the respective figures are 
p, = 10'° cm~? and n, = 10'° cm~*. 

As is seen, the electron concentration in a p-n 
junction gradually varies from 1018 to 
10'° cm~3, and that of holes changes as gra- 
dually from 101° to 108 cm~>. As a result, what 
is known as the depletion region is formed at the 
interface between the two types of semicon- 
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ductor. For example, at the very boundary, the 
electron concentration is 10'* cm~? which is 
1/10 000th of the figure in the v-region, and the 
hole concentration is 101? cm~? which is like- 
wise 1/10 000th of the figure in the p-region. 
Obviously, the electric conductivity of the p-n 
junction must be a minute fraction of what it is 
in the remaining parts of the n- and p-regions. 

The depletion region may alternatively be 
looked upon as an outcome of the action 
produced by the electric field which is set up by 
the contact potential difference. This field push- 
es mobile carriers from the boundary layers so 
that the electrons: are moved into the n-region 
and the holes into the p-region. 

This depletion region is also known as the 
barrier region. It has an extremely high re- 
sistance in comparison with the remaining por- 
tions of the n- and p-regions. 


2-2 The Forward-Biased P-N Junction 


Let an external voltage source be connected 
with its positive terminal to the p-type se- 
miconductor and with its negative terminal to. 
the n-type semiconductor that make up a p-n 
junction (Fig. 2-2a). This is called forward bias- 
ing, and the voltage producing it is referred to as 
the forward bias voltage v,. 

With forward biasing, the applied potentials 
establish an electric field which drives the maj- 
ority carriers of each region towards the jun- 
ction, thereby giving rise to the forward current, 
i, across the junction. This process is explained 
in Fig. 2-25. (In this and the subsequent figures 
the potential diagram is shown simplified. 
Whatever happens in other parts of the circuit 
is of no interest as regards the p-n junction. 
Therefore, the diagrams do not show variations 
in potential along the n- and p-regions which 
implies that their resistance is arbitrarily assu- 
med equal to zero. Nor do they show variations 
in potential at the contact of the n- and p-regions 
with the electrodes to which the wires from the 
voltage source are connected.) 

The electric field set up in the p-n junction by 
the forward biasing voltage opposes the field 
due to the contact difference of potential. To 
reflect this fact, the vectors E.,,, and &; are 
shown pointing in the opposite directions. The 
resultant field is weakened and the potential 
difference at the junction is brought down which 
is another way of saying that the height of the 


Fig. 2-2 
Forward-biased p-n junction 


potential barrier is reduced while the diffusion 
current builds up because a greater number of 
carriers can overcome the reduced barrier. At 
the same time, the drift current remains nearly 
unchanged because it mainly depends on how 
many minority carriers from the n- and 
p-tegions are able to reach the p-n junction 
owing to their thermal velocities. If we neglect 
the voltage drop across the n- and p-regions, the 
voltage across the junction may be taken equal 
tO Ucont — Us. By way of comparison, the dashed 
line in Fig. 2-26 shows the potential diagram in 
the absence of an applied voltage. 

As will be recalled, when no external voltage is 
applied to a p-n junction, i4;, and ij, are equal in 
magnitude and opposite in sign so that they 
cancel each other. With forward biasing, 
igig > gy and so the net current across the 
junction, that is, the forward current 
ip = laip — tgp > 0 (2-1) 
If, on the other hand, the barrier is brought 
down appreciably, the diffusion current will be 
many times the drift current, and we may deem 
that the forward current is approximately equal 
to the diffusion current, which is another way of 
saying that the current across a forward-biased 
junction is a purely diffusion current. 

The introduction of excess charge carriers 
across the potential barrier reduced in height by 
forward biasing into the region where they are 
minority carriers is called the carrier injection. 
The region of a semiconductor from which such 
excess minority carriers are injected is called the 
emitter region or, simply, the emitter. The region 


32 Part One. 


into which excess minority carriers are injected 
is called the base region or, simply, the base. If 
the injected minority carriers are electrons, then 
the n-region of a semiconductor will be the 
emitter and its p-region, the base. With the 
injection of holes, the situation will be the other 
way around: the p-region will be the emitter, and 
the n-region will be the base. 

As arule, the impurity concentrations and, in 
consequence, that of majority carriers in the n- 
and p-regions differ substantially. Therefore, the 
carrier injection is predominant from the region 
where these carriers are in majority. For examp- 
le, ifn, >> p,, the injection of electrons from the 
n-region into the p-region will greatly exceed 
that of holes in the reverse direction. Accor- 
dingly, the n-region will act as an emitter, and 
the p-region as a base, because the injection of 
holes is negligible by comparison. 

Forward biasing reduces both the height of 
the potential barrier and the thickness of the 
barrier layer (that is, d, < d), so that its resistan- 
ce in the forward direction, Rr, falls to a very 
small value (from units to a few tens of ohms). 

With no external voltage applied, the barrier 
potential v,,,, is just a few tenths of a volt. 
Therefore, the barrier height and the barrier 
resistance can be reduced to a very small value 
by applying as small a forward bias voltage (a 
few tenths of a volt). This is the reason why a 
heavy foward current can be produced with a 
very low forward bias voltage. 

Obviously, there must be some forward bias 
voltage at which no potential barrier will be left 
in a p-n junction at all. Then the junction 
resistance, that is, the resistance of the barrier 
layer, will fall close to zero, and it may be 
neglected. In the circumstances, the forward 
current will be solely a function of the resistan- 
ces of the n- and p-regions of the specimen. These 
resistances may no longer be neglected because 
they determine the magnitude of current across 
the junction. An example will illustrate this 
point best of all. 

Suppose that in a forward-biased diode (for 
when an n-type and a p-type semiconductor are 
alloyed together, they form a single unit—a 
junction diode), the resistance of the barrier 
layer is 200 Q, and the resistance of the n- and 
p-regions is 5 Q each. Clearly, the total resistan- 
ce of the diode is 200 + 2 x 5 = 210 Q. This is 
very close to the resistance of the p-n junction 
alone, that is, 200 Q. At some forward bias 
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voltage the barrier disappears, the junction 
resistance falls to 0.5 Q, and the total resistance 
(0.5 + 2 x 5 = 10.5 Q) may now be approxima- 
tely considered to consist solely of two resistan- 
ces of 5 Q each. In other words, we may well 
neglect the resistance of the junction itself. 

Now let us see how the forward current flows 
in the various parts of the circuit (Fig. 2-2a). 
Electrons leaving the n-region move across the, 
junction into the p-region, and holes leaving the 
p-region move across the junction in the oppo- 
site direction into the n-region. Thus, we have 
two currents flowing at the same time: an 
electron current and a hole current. Of course, 
only the electron current can flow in the external 
leads of the circuit. They travel from the “—” 
side of the applied voltage source to the n-region 
and make up for the loss of electrons diffusing 
across the junction into the p-region. From the 
p-region, electrons travel towards the “+” side 
of the applied voltage source, leaving more holes 
behind in the process. This chain of events goes 
on non-stop, and so the forward current is 
flowing all the time. 

The electron current is at its highest at the 
left-hand edge of the n-region. On moving closer 
to the transition region, this current falls off 
because an ever greater number of electrons 
recombine with the holes travelling across the 
junction towards the electrons, but the hole 
current, i,, goes up. The total forward current, i;, 
will be the same at any section of the circuit: 


ip = i, + 1, = const (2-2) 


This stems from the basic law for a series electric 
circuit. The same current is flowing in all parts of 
such a circuit. 

Because the thickness of the barrier layer is 
very small and it is heavily depleted of charge 
carriers, very few of them recombine there, and 
the current in the barrier layer remains unchan- 
ged. Past the barrier layer, however, the elect- 
rons injected into the p-region recombine with 
holes. Therefore, as we move farther away from 
the junction to the right, that is, into the 
p-region, the electron current i, keeps falling off, 
and the hole current i, keeps building up. At the 
right-hand edge of the p-region, the electron 
current is a minimum, and the hole current is a 
maximum. Figure 2-3 shows how these currents 
vary along the x-axis for the case when the 
electron current exceeds the hole current becau- 
se n, > p, and the electron mobility exceeds the 
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hole mobility. Of course, even in a forward- 
biased diode, the diffusion current is accompa- 
nied by the drift current produced by the motion 
of minority carriers, but it is negligibly small. 


2-3 The Reverse-Biased P-N Junction 


Now we will connect the “+” side of an 
external voltage source to the n-region and the 
“_” side to the p-region of a p-n junction, or 
diode (Fig. 2-4a). Thus connected, the junction 
is said to be reverse-biased. The applied reverse 
bias voltage v, causes a very small reverse 
current, i,, to cross the junction. Why this 
current is small can be explained as follows. The 
field set up by the reverse bias voltage combines 
with the field due to the contact potential 
difference. In Fig. 2-4a this is indicated by the 
fact that the vectors E,,,,, and £, point in the 
same direction. The resultant field gains in 
strength so that the height of the potential 
barrier now is Uo, + v, (Fig. 2-46). Even a 
small rise in the barrier puts an end to the 
diffusion of majority carriers across the junction 
so that i4;, = 0 because the initial velocities of 
the carriers are not high enough for the carriers 
to overcome the barrier. In contrast, the con- 
duction (drift) current remains nearly unchan- 
ged because it is mainly constituted by the 
minority carriers reaching the p-n junction from 
the n- and p-regions. The removal of minority 
carriers across a p-n junction by the accelerating 
electric field set up by the reverse bias voltage is 
called the carrier extraction. 

Thus, the reverse current i, is the conduction 
current produced by the movement of minority 
carriers. The reverse current is very small be- 
cause minority carriers are small in number and, 
also, the resistance of the barrier layer in a 
reverse-biased p-n junction (or diode) is very 
high. The point is that a rise in the reverse bias 
voltage builds up the field at the junction, and a 
greater number of majority carriers are expelled 
by this field from the boundary layers on each 
side of the boundary into the n- and p-regions. 
Therefore an increase in the reverse bias voltage 
brings about an increase not only in the height 
of the potential barrier, but also in the thickness 
of the barrier layer (d, > d). The barrier layer is 
depleted of carriers still more, and its resistance 
goes up appreciably so that R, > R,. 

Even a relatively low reverse bias voltage 
causes the reverse current remain at some 
practically constant value. This is because the 


Fig. 2-3 


Electron and hole current distribution in a p-n junc- 
tion 


Fig. 2-4 
Reverse-biased p-n junction 


number of minority carriers is limited. A rise in 
temperature brings about an increase in their 
number so that the reverse current builds up but 
the reverse resistance goes down. 

Let us take a closer look at how the reverse 
current behaves after a reverse bias voltage is 
applied. At first, this event gives rise to transients 
related to the movement of majority carriers. 
Electrons in the n-region move towards the 
“+” terminal of the applied voltage source, 
that is, away from the p-n junction. In the 
p-region, holes move away from the junction. At 
the “—” terminal, they recombine with the 
electrons still coming from the conductor con- 
necting this electrode to the “—” terminal. 

Because electrons leave the n-region, it is 
charged positively due to an excess of positively 
charged donor impurity atoms. The p-region is 
charged negatively because its holes are filled by 
the electrons coming there, and it acquires 
excess negatively charged acceptor impurity 
atoms. 
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The movement of majority carriers in the 
opposite directions we have just described goes 
on for a small span of time. This short-duration 
current is not unlike the charging current of a 
capacitor. Two unlike space charges are pro- 
duced on either side of the p-n junction, and the 
entire system acts similarly to a charged capa- 
citor with a poor dielectric and with a leakage 
current (its role in our case is played by the 
reverse current). In accord with Ohm’s law, 
however, the leakage current of a capacitor is 
proportional to the applied voltage, but the 
reverse current across a p-n junction only slight- 
ly depends on the applied bias voltage. . 


2-4 The Metal-Semiconductor Junction 


In addition to p-n junctions, present-day 
semiconductor devices use arrangements in 
which a metal and a semiconductor are brought 
into contact. Such an arrangement is called a 
metal-semiconductor junction, The events taking 
place in metal-semiconductor junctions depend 
on what is known as the electronic work function 
which is defined as the minimum energy requi- 
red to liberate an electron from a metal or a 
semiconductor at absolute zero temperature. 
The lower*the work function, the greater the 
number ofelectrons that can break loose from 
the specimen. Let us see how this happens in 
several types of metal-semiconductor junctions. 

If in a junction formed by a metal and an 
n-type semiconductor (Fig. 2-5a) the electronic 
work function of the metal, ®y, is lower than the 
electronic work function of the semiconductor, 
®,, escape of electrons from the metal into the 
semiconductor will be predominant. Therefore, 
electrons (majority carriers) are accumulated in 
the semiconductor layer next to the interface, 
and this layer becomes enriched with electrons — 
it has an increased concentration of electrons. 
The resistance of this layer will be low with 
either forward or reverse biasing, and so it is not 
capable of conducting current in one direction 
only. This is a nonrectifying (or ohmic) contact. A 
similar ohmic (or nonrectifying) contact exists 
when a junction is formed by a metal and a 
p-type semiconductor (Fig. 2-5b) if ®, < My. In 
this arrangement, more electrons will leave the 
semiconductor for the metal than the other way 
around. Likewise, a region enriched with holes 
(majority carriers) and having a low resistance is 


(a) 
<®, 


(b) 


(c) 


Fig. 2-5 
Metal-semiconductor junction (M stands for ‘metal’) 


produced in the boundary region of the semi- 
conductor. The two types of ohmic contact are 
widely used when attaching electrodes to the n- 
and p-regions of a semiconductor device. 

The situation is different in the metal-semi- 
conductor junction shown in Fig. 2-5c. Here, 
®, < ®,,. In the circumstances, electrons mainly 
move from the semiconductor into the metal, 
and the region produced near the interface on 
the semiconductor side is depleted of majority 
carriers and so it has a high resistance. As a 
result, a relatively high potential hill is formed 
here, with a height markedly varying according 
to the polarity of the applied voltage. This type 
of junction has the property of unidirectional 
conduction or rectification. This class of junc- 
tions was originally investigated by W. Schot- 
tky of Germany, and the potential! hill appearing 
in such cases is called the Schottky barrier, and 
diodes utilizing it are called Schottky diodes. In 
the metal part of a Schottky diode, carrier 
storage (or the storage effect) is nonexistent in 
contrast to p-n junctions, and so Schottky 
diodes have a faster speed of response since there 
is no time lag associated with the storage time 
(defined as the time interval between the appli- 
cation of the reverse bias and cessation of the 
reverse current surge). 

Similar rectifying properties are displayed 
when a metal is brought in contact with a p-type 
semiconductor, provided ®, < Dy. 
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3-1 The Current-Voltage Characteristic 
of the Semiconductor Diode 


Whatever the type of electron device, it is 
important to know how its current varies with 
the applied voltage. Knowing this relation, we 
can readily find the current for any given voltage 
or to find the voltage for any given current. 

If the resistance of a device is constant and 
independent of current or voltage, the two 
quantities may be connected by a relation of the 
form 


i=v/R 
or (3-1) 
i= Gv 


As is seen, the current through a device is 
directly proportional to the applied voltage. The 
coefficient of proportionality is called the con- 
ductance 


G=1/R 


A plot relating current to voltage is called the 
current-voltage (volt-ampere) characteristic, or 
simply, the characteristic of a device. For a 
device obeying Ohm’s law, it is a straight line 
passing through the origin of coordinates 
(Fig. 3-1). 

The higher the resistance R, the lower the 
conductance G and the smaller the current at the 
same given voltage. Therefore, at high values of 
resistance the characteristic makes a smaller 
angle with the axis of abscissas. The resistance 
Ris connected to this angle a by a relation of the 


Fig. 3-1 
Current-voltage characteristic of a linear device 


form 


R=v/i=kcota (3-2) 


where k is a proportionality coefficient which 
takes care of the units in which the quantities 
used in the equation are expressed, and the scale 
to which they are laid off along the coordinate 
axes. 

Alternatively, we may write 


G=1/R=i/v=k tana 


where k’ = 1/k. 

It is to be stressed that it would be wrong to 
write R=cota or G=tana, because R and 
G are physical quantities that have particular 
dimensions and units with which they are 
expressed numerically, while tan a and cot a are 
trigonometric functions which are expressed 
only numerically. Also, the angle a may be 
different for the same value of R if we choose 
different scales on the axes. Devices obeying 
Ohm’s law and having a straight-line current- 
voltage characteristic passing through the ori- 
gin of coordinates are called /inear. 

There are devices whose resistance depends 
on voltage or current rather than remains 
unvarying. The relation between their current 
and voltage is not so straightforward as the 
simple Ohm’s law, and their current-voltage 
characteristic is no longer a straight line passing 
through the origin of coordinates. Such devices 
are called nonlinear. 

As already noted, when an n-type semicon- 
ductor is alloyed with a p-type semiconductor, 
they form a single unit called a junction diode. 
The nonlinear behaviour of such a diode is 
evident from reference to its current-voltage 
characteristic. As an example, Fig. 3-2 shows 
the current-voltage characteristic of a low-pow- 
er diode. As is seen, a forward current of several 
tens of milliamperes is produced when the 
forward bias voltage is a few tenths of a volt. 
Therefore, the forward resistance is usually not 
greater than several tens of ohms. In the case of 
higher-power diodes, the forward current is 
hundreds of milliamperes or even greater at the 
same forward bias voltage, and R, decreases to 
units of ohms or even less than that. 


(3-3) 
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For the reverse current which is small in 
comparison with the forward current the cha- 
racteristic is usually plotted on a different scale 
than for the forward current, as this is done in 
Fig. 3-2. For low-power diodes, a reverse bias 
voltage of several hundred volts gives rise to 
a reverse current of units or tens of microam- 
peres. This corresponds to a resistance of several 
hundred kilohms or even greater. Since 
U, > vp, the two voltages are likewise laid off on 
different scales. Owing to this difference in scale, 
the curve has a kink or inflection at the origin of 
coordinates. If the same scale had been used, the 
curve would have had no kink. 

The forward current characteristic shows an 
appreciable amount of nonlinearity because an 
increase in Uy leads to a decrease in the resistance 
of the barrier layer. Therefore, the curve runs 
with a progressively greater slope. At a voltage 
of a few tenths of a volt, the barrier layer 
practically disappears, and there remains only 
the resistance of the n- and p-regions, which may 
approximately be deemed constant. For this 
reason, the characteristic becomes almost linear. 
The small nonlinearity remaining here can be 
explained by the fact that the n- and p-regions 
are heated by the flow of current, and their 
resistance is thus brought down. 

When the reverse voltage is raised, the reverse 
current first increases at a high rate. This 
happens because even at a low reverse voltage 
the rise in the height of the potential barrier 
brings about a sudden fall in the diffusion 
current which opposes the conduction (drift) 
current. In consequence, the total current, i, = 
= ig, — igi, abruptly goes up. Any further in- 
crease in the reverse voltage, however, entails 
only an insignificant rise in the reverse current. 
The current increases due to the heating of the 
junction by the current, due to the leakage over 
the surface, and also due to the avalanche 
multiplication of charge carriers, that is, the 
increase in the number of carriers as a result of 
impact ionization. Impact ionization consists in 
that at a high reverse voltage the electrons 
acquire a high velocity and, on striking the 
atoms of the crystal lattice, they knock out of it 
more electrons which are in turn accelerated and 
knock still more electrons out of the atoms. This 
process builds up with rising voltage. 

At a certain value of reverse voltage, the p-n 
junction breaks down, leading to a sudden 
increase in the reverse current, and the resis- 
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Fig. 3-2 
Current-voltage characteristic of a semiconductor 

diode 
tance of the barrier layer abruptly decreases. A 
p-n junction may suffer two kinds of breakdown, 
electric and thermal. The electric breakdown 
whose region is labelled by the letters ABC in 
Fig. 3-2 is reversible. This means that it does 
not cause irreversible changes in the junction 
(the structure of the material remains unchan- 
ged). Therefore, semiconductor diodes may be 
operated under conditions of an electric break- 
down. There are special diodes, sometimes 
called breakdown diodes, often used for voltage 
stabilization, which are designed to utilize the 
region BC of the characteristic. 

Electric breakdown may in turn be classed 
into the avalanche type and the Zener type. 
Avalanche breakdown is caused by the cumula- 
tive multiplication of free charge carriers under 
the action of an applied field which brings about 
impact ionization and removal of electrons from 
the lattice atoms by the field. This type of 
breakdown is typical of thick p-n junctions 
produced at a relatively low impurity concen- 
tration in the host material. The breakdown 
voltage for avalanche breakdown is tens or 
hundreds of volts. 

Zener breakdown is observed in a reverse- 
biased p-n junction that has a very high doping 
concentration on both sides of the interface. The 
built-in field is high (over 10° V cm~!) and the 
depletion (or barrier) region is narrow as a result 
of the high doping level. The application of 
a small reverse voltage (just a few volts) is 
sufficient to cause electrons to tunnel directly 
from the valence band into the conduction band 
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without changing their energy—this is the es- 
sence of what is known as the tunnel effect. In 
more detail, the tunnel effect is discussed in 
Chap. 8. 

Thermal breakdown occurs within the region 
represented by portion CD of the curve in 
Fig. 3-2. This is an irreversible breakdown 
because it is accompanied by the destruction of 
the material at the p-n junction. Thermal break- 
down occurs when the amount of heat dissipa- 
ted at the junction due to the flow of reverse 
current exceeds the amount of heat withdrawn 
from the junction. Asa result, the temperature of 
the junction rises, its resistance decreases, and 
the current through the junction builds up. The 
junction is thus overheated and destroyed by 
heat. An alternative name of this occurrence is, 
quite aptly, thermal runaway. 


3-2 The Capacitance of 
a Semiconductor Diode 


As is noted in Sec. 2-3, a reverse-biased p-n 
junction is not unlike a capacitor with a marked 
leakage current through the dielectric. The 
depletion layer has a high resistance and acts as 
a dielectric on each side of which there are two 
unlike space charges, + Q, and — Q,, produced 
by the ionized atoms of the donor and acceptor 
impurities. Therefore, a p-n junction has a 
capacitance similar to that of a two-plate flat 
(plane-parallel) capacitor. It is called the deple- 
tion-layer or barrier capacitance. In the case of 
d.c. voltage, it is given by 


Cy = 2/0, (3-4) 
and in the case of a.c. voltage, by 
C, = AQ,/Av, (3-5) 


As with the capacitance of conventional ca- 
pacitors, the barrier capacitance increases with 
increasing surface area of the p-n junction, 
increasing permittivity of the semiconductor 
and decreasing thickness of the depletion layer. 
Although in low-power p-n diodes the p-n 
junction has a small surface area, the barrier 
capacitance is fairly large because the depletion 
layer is narrow while the relative permittivity of 
the material is rather high (in the case of 
germanium, s = 16). Depending on the surface 
area of the p-n junction, C, may range from 
units to hundreds of picofarads. A distinction of 
the barrier capacitance is that it is nonlinear —it 
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Barrier capacitance as a function of reverse bias 
voltage 


varies with changes in the voltage across the 
junction. When the reverse voltage is raised, the 
depletion layer broadens, and C, decreases. The 
manner in which Cj, varies as a function of v, is 
shown by the plot in Fig. 3-3. As is seen, 
a change in v, can bring about a three-fold 
change in C\,. 

The barrier capacitance has a detrimental 
effect on the rectification of alternating current 
because it shunts the diode and thus provides a 
bypass for alternating current around it at high 
frequencies. However, the barrier capacitance 
can serve a useful purpose as well. For example, 
it is utilized in varicaps and varactors—p-n 
junction semiconductor diodes designed for low 
losses at high frequencies. They are used as 
tuning capacitors in tuned circuits and also in 
some other circuits which depend for their 
operation on the properties of nonlinear capa- 
citance. In contrast to conventional variable 
capacitors in which the capacitance is changed 
mechanically, in varicaps this change is brought 
about by varying the reverse voltage applied. 
This control of tuned circuits is called electronic 
tuning. 

When forward-biased, a p-n junction has 
what is known as the diffusion capacitance, Cir, 
in addition to the barrier capacitance. It is 
likewise nonlinear and goes up with rising 
forward voltage, v,. The diffusion capacitance is 
associated with the accumulation of mobile 
charge carriers in the n- and p-regions when the 
junction is forward-biased. So it practically 
exists only when a p-n junction diode is forward- 
biased, and a large number of carriers diffuse 
(are injected) over the reduced potential hill and, 
since they have no time to recombine, are stored 
in the n- and p-regions. If we assume that in a p-n 
junction diode the p-region acts as the emitter 
and the n-region as the base, then forward 
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Fig. 3-4 


Complete and simplified equivalent circuits of a 
semiconductor diode 


biasing can cause a great number of holes* 
to move across the depletion layer from the 
p-region into the n-region so that a positive 
charge is produced in the n-region. At the 
same time, the d.c. voltage source causes 
electrons to move from the circuit conductor 
into the n-region and, as a consequence, a 
negative charge is formed there. The holes and 
electrons in the n-region cannot recombine 
instantaneously, and so for each value of for- 
ward voltage there is a certain value for the two 
equal but unlike space charges, + Q4;, and 
—Q4gir, Stored in the n-region owing to the 
diffusion of carriers across the junction. In the 
case of d.c. voltage, Cyjr is the ratio of charge to 
potential difference: 


Caic = Qaie/Ye 
In the case of a.c. voltage, it is defined as 
Cai = AQagic/Avy (3-7) 


As v, is raised, the forward current builds up 


(3-6) 


* The flow of electrons from the n-region into the 
p-region may be neglected in this case because 
n, K Pp: 


at a faster rate than the voltage because the 
current-voltage characteristic of a forward- 
biased p-n junction is nonlinear. Therefore, Q4;- 
rises faster than v,, and Cg;, increases. 

The diffusion capacitance of a p-n junction is 
appreciably greater than its barrier capacitance, 
but there is no way of putting it to any use 
because it is shunted by the low forward resis- 
tance of the diode itself. 

Recalling that a p-n junction diode has a 
capacitance, we may draw up its a.c. equivalent 
circuit as shown in Fig. 3-4a. The resistance Ro 
in this diagram is the total, relatively small 
resistance of the n- and p-regions, their respec- 
tive electrodes and leads. When the diode is 
forward-biased, the nonlinear resistance R,,, is 
equal to Rr, that is, small. When the diode is 
reverse-biased, R,, = R,, that is, very high. This 
equivalent circuit may be simplified in many 
cases. At low frequencies the capacitive impe- 
dance is very high, and the diode capacitance 
may be neglected. Then the equivalent circuit 
will only include Ry and R, under forward bias 
(Fig. 3-45), or only R, under reverse bias 
(Fig. 3-4c) because Ry « R,. At high frequen- 
cies, capacitances present a relatively low im- 
pedance. Therefore, the equivalent circuit under 
forward bias will take the form shown in 
Fig. 3-4 d (if the frequency is not very high, Cy;- 
has practically no effect), while under reverse 
bias it also includes R, and C, (Fig. 3-4e). 

We should also include the capacitance bet- 
ween, the diode leads, C),.g, which may mar- 
kedly shunt the diode at very high frequencies. It 
is shown by the dashed lines in the figure. At 
microwave frequencies, the lead inductance may 
also have some effect. 


3-3 The Temperature Behaviour of 
Semiconductor Diodes 


Temperature has an appreciable influence on 
the electric conductivity of semiconductors. As 
the temperature goes up, a progressively greater 
number of electron-hole pairs is generated, the 
carrier concentration is raised, and so is the 
conductivity. This can be clearly seen from the 
current-voltage characteristics plotted at diffe- 
rent temperatures. Figure 3-5 shows them for 
a germanium diode. As is seen, both the forward 
and reverse currents rise with increasing tempe- 
rature. The increase is especially noticeable in 
the reverse current due to the increased genera- 
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Fig. 3-5 


Effect of temperature on the current-voltage cha- 
racteristic of a semiconductor diode 


tion of electron-hole pairs. In germanium dio- 
des, the reverse current nearly doubles for every 
10 degrees K rise in temperature. This can be 
written as 

x Q(t— 20)/10 (3-8) 
Therefore, if the temperature goes up from 20°C 
to 70°C, the reverse current will increase 2° (that 
is, 32) times. Also, an increase in temperature 
brings down the breakdown voltage of germa- 
nium diodes. 

In the case of silicon diodes, an increase of 10 
degrees K in temperature brings up the reverse 
current by a factor of 2.5, while the breakdown 
voltage first increases somewhat with rising 
temperature, but then it falls off. 

Heating does not raise the forward current of 
a diode in the same proportion as it does in the 
case of the reverse current. The explanation is 
that the forward current is mainly due to the 
extrinsic conduction, but the impurity concen- 
tration is temperature-independent. 

A rise in temperature entails an increase in the 
barrier capacitance of the diode. The tempera- 
ture coefficient of capacitance, TCC, which 
expresses the ratio of the change in capacitance 
to the original value for a unit change in 
temperature, is 107? = 10°* K~?. 


lay = 420°) 


3-4 The Operation of the Diode at Load 


In practical circuits, a semiconductor diode 
always operates into some kind of load, say, 
a resistor (Fig. 3-6a). In circuit diagrams, the 
anode of aerystal diode is shown as a triangle, 


and its cathode as a bar. There is a flow of 
forward current when the anode is positive with 
respect to the cathode. Therefore, the triangle 
may be regarded as the arrowhead showing the 
conventional direction of forward current flow. 
It is the direction in which holes are moving 
under forward bias, while electrons are moving 
in the opposite direction. 

The behaviour of a crystal diode in operation 
at load differs from that at no-load in several 
important respects. If the diode had a linear 
resistance, it would be a very simple matter to 
determine the current in such a case because the 
total resistance of the circuit is the sum of 
the d.c. resistance of the diode Ry and of the 
load resistance R,. Crystal diodes, however, 
are not linear resistances, and their Ry varies 
with changes in the current that flows through. 
Therefore, the current around the circuit con- 
taining a crystal diode operating at load is found 
graphically. The problem may be stated thus: 
We know E£, R, and the diode characteristic and 
we are to find the current around the circuit and 
the voltage across the diode. 

The diode characteristic should be looked 
upon asa plot of an equation connecting current 
i and voltage v. For R,, a similar equation is 
Ohm’s law: 
i= v,_/R, = (E— v)/R, 


(3-9) 


Fig. 3-6 


Connection of a diode and load in circuit and 
construction of the load line 
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Thus, we have two equations in two un- 
knowns, i and v, with one of the equations given 
graphically. To solve this set of equations, we 
need to construct a plot for the second equation 
and to locate the intersection of the two curves. 

The equation defining R, is a Ist-degree 
equation written in terms of i and v. Its plot is 
a straight line called the /oad line. The simplest 
way to construct it is to use two points on the 
coordinate axes. On setting i = 0, we get from 
Eq. (3-9): 
E-—v=0 or 


which corresponds to point A in Fig. 3-65. On 
setting v = 0, we get 


i= E/R, 


We lay off this current as ordinate (point B), and 
join the two points, A and B, by a straight line. 
Thus, we get the load line. The coordinates of 
point Q yield the solution of our problem. It is to 
be noted that all the other points on line 4B do 
not represent any operating conditions of the 
diode. 

As an alternative, the load line can be con- 
structed by using the slope angle a, because 


v=E 


R, =k cot a 


but this approach is less convenient because we 
would have*to find the coefficient k so as to 
account for the scales used and to recover the 
angle a from its cotangent. 

When the load line is constructed for relati- 
vely small values of R,, point B may fall outside 
the drawing. If so, lay off an arbitrary voltage V 
to the left of point A (Fig. 3-6c) and, starting at 
point C thus obtained, lay off a current equal to 
V/R,, (segment CD). The straight line joining 
points A and D will then be the load line. 

Sometimes, one may know v and i (point Q) 
and the load resistance R,, and one is to 
determine £. Or one may know E and is to 
determine the load resistance R,. We leave it as 
an exercise for the reader to construct the plots 
for these two cases. In either case, use Eq. (3-9) as 
the guide. 

A circuit containing a series-connected diode 
and a linear load resistance R, is a nonlinear 
circuit. The characteristic of such a circuit, 
called the dynamic characteristic of the diode, 
that is, a plot of i as a function of EF, i= 
J (E), can be obtained by adding together the 
voltages taken from the characteristics of the 
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Dynamic (or load) current-voltage characteristic for 


a circuit consisting of a series combination of a diode 
and a load resistor 


diode and of the load resistance R, (Fig. 3-7). 
The characteristic of the load resistance is in 
effect Ohm’s law 


i= vp/R, 


and is a straight line passing through the origin 
of coordinates. It can be plotted as follows. 
Mark on the plot a point corresponding to an 
arbitrary value of vp and vp/R,. Join this point 
to the origin of coordinates by a straight line. In 
the previous cases, the load line did not pass 
through the origin of coordinates because it 
related the current to the voltage v across the 
diode and not to the voltage vp. 

The dynamic characteristic of the circuit, i = 
= f(£), can be constructed by taking the sum of 
v and vp for several values of current because 
E=v-+0p. AS an example, at a current 
of 3 mA we have v=0.4 V and vg =0.5 V. 
Adding the two voltages together, we obtain on 
the resultant curve a point corresponding to 
E=0.9 V. Acting similarly, we locate other 
points and draw a smooth curve through them. 

The behaviour of a series circuit mainly 
depends on the circuit section that has the 
highest resistance. Therefore, the greater the 
value of R,, the less the nonlinearity of the 
resultant characteristic. It is to be noted that the 
operation of the diode at load need not be 
determined graphically if R, > Ro. If so, it is 
legitimate to neglect the resistance of the diode 
and to determine the current approximately by 
the equation i= E/R,. 

The techniques we have used to find the d.c. 
voltage E may be used to determine both the 
peak and any instantaneous values when the 
anode source supplies an alternating voltage. 
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3-5 Semiconductor Diodes as Rectifiers 


Rectification, or the conversion of alternating 
current into unidirectional or direct current, is 
one of the principal processes used in electro- 
nics. 

Because semiconductor diodes have the pro- 
perty of unidirectional conduction (they con- 
duct well in the forward direction and poorly, if 
at all, in the reverse direction), most of them are 
quite logically used for a.c. rectification. 

An elementary rectifier circuit is shown in 
Fig. 3-8a. It is a series connection of a generator 
that supplies an a.c. emf, e, a diode D, and a load 
resistor R,; which may alternatively be placed in 
the other lead (as is shown by the dashed symbol 
in the diagram). The diagram shows what has 
come to be called a half-wave rectifier for the 
reason that it produces a pulsating current by 
passing only half the input cycle of an alternat- 
ing current while the other halfis blocked by the 
diode. It is a single-phase rectifier because the 
emf source is likewise single-phase. There are 
more elaborate rectifier circuits (two-phase, 
three-phase, etc.), but they are in effect a combi- 
nation of several single-phase rectifiers. 

In rectifiers used to energize electronic equip- 
ment, the a. c. source is usually a power transfor- 
mer plugged into an a.c. power supply line (the 
a.c. mains) (Fig. 3-85). Sometimes, autotrans- 
formers are used instead of transformers. In still 
other cases a rectifier may be connected to the 
mains directly, without any transformer. In 
practical applications, the role of the load 
resistor R, shown in the diagram of Fig. 3-8 is 
played by the circuits or devices that are powe- 
red by the rectifier. In the case of r. f. rectification 
(or, more correctly, r.f: detection), such as in the 
detector stages of radio receivers, the a.c. emf 
source may be anr.f. transformer or a resonant 
tuned circuit, and the load is a high-value 
resistor. 

An elementary rectifier operates as follows. 
Let us agree that the generator (source) supplies 
a sinusoidal emf 


e= E,, sinot 


and that its internal resistance may be neglected 
(if it may not be neglected, the internal resistance 
of the emf source should be accounted for in the 
usual way). During one half-cycle the diode is 
forward-biased, a current flows through it and 
produces a voltage drop vz across the load 
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Fig. 3-9 
Explaining the operation of a simple rectifier circuit 


resistor R,. During the next half-cycle, the diode 
is reverse-biased, there is practically no current 
flowing, and vg = 0. Thus, a pulsating current 
passes through the diode, the load resistor, and 
the source in the form of pulses each a half-cycle 
long and separated by intervals likewise a 
half-cycle long. This is the rectified current. It 
produces a rectified voltage across the load 
resistor R,. If we trace the direction of current 
flow, we will readily establish its polarity or sign: 
the “+” terminal will be at the cathode and the 
“—” terminal at the anode. 

The plots in Fig. 3-9 give a clear idea about 
the events taking place in the rectifier. The a.c. 
emf supplied by the source is shown as a 
sinewave of amplitude E,, (Fig. 3-9a). As a rule, 
the load resistance is many times the diode 
resistance, and the nonlinearity of the diode may 
be neglected (the dynamic characteristic is close 
to linear). In the circumstances, the rectified 
current has the form of pulses, each pulse being 
nearly a half-sinewave of maximum value /,,,, 
(Fig. 3-9b). Drawn on another scale, the same 
plot will show the rectified voltage vp because 
Vy = iR,. Multiplying the value of current by R, 
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will immediately yield a curve representing the 
rectified voltage. 

The plot in Fig. 3-9c shows the voltage across 
the diode. Sometimes it is incorrectly regarded 
as sinusoidal or identified with the voltage 
supplied by the a. c. emf source. Actually, this is a 
nonsinusoidal voltage because its positive half- 
cycles markedly differ in amplitude from its 
negative half-cycles. The positive half-cycles 
have a very small amplitude. The explanation is 
that during the passage of forward current the 
greater proportion of source voltage is dropped 
across the load resistor whose resistance is many 
times the diode resistance. Therefore, 


Ve ax ea En a, Vie max 


= B— Linax Rt K Em (3-10) 


For conventional semiconductor diodes, the 
forward voltage does not exceed 1 or 2 V. 

Suppose that the source in our circuit supplies 
an rms voltage equal to E = 200 V and that 
E, = /2E=280V. If Vemax=2V, then 
Ve max = 278 V. If the source voltage (say, 200 
V) were fully impressed on the diode, this would 
mean that no voltage is dropped across R,. This 
can only occur when R, = 0. Then the current 
would be excessively heavy, and the diode 
would be destroyed. 

During the negative half-cycles of the applied 
voltage, there is practically no current flowing, 
and the voltage drop across R, is zero very 
nearly. All of the source voltage is applied to the 
diode and biases it in the reverse direction. As 
a result, the maximum value of reverse voltage is 
equal to the amplitude of the source voltage. 

Let us examine the rectified voltage in more 
detail (everything said about it fully applies to 
the rectified current). As is seen from the plot in 
Fig. 3-9b, the rectified voltage is a strongly 
pulsating one so that no voltage exists during 
one half of each cycle. The useful part of such a 
voltage is its direct (constant) or average compo- 
nent. It is often referred to simply as the average 
voltage and its symbol is V,,. For a half-sine- 
wave pulse of maximum value V,,,,, its average 
over a half-cycle is 


Vi, = 2Vongy/T = 0.636 Venax (3-11) 


Since no voltage exists during the next half- 
cycle, the average over the entire cycle is half the 
previous value, or 


Vey = Veray/T = 0.318V, 


av max 


(3-12) 
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Fig. 3-10 
Direct and alternating components of rectified voltage 


Approximately, V,, is 30% of the maximum 
value. This approximation is quite legitimate 
because the actual pulses always differ in wave- 
form from the half-sinewave. Because the volt- 
age drop across the diode is very small, we may 
take it that 


Vinex © E,, and Va, + 0.3£,, (3-13) 


On subtracting the average value from the 
pulsating rectified voltage, we obtain its alter- 
nating component, V,., which is nonsinewave in 
shape. Its datum (or zero) axis is the straight line 
representing the direct (constant) component 
(Fig. 3-10a). The half-cycles of the alternating 
component are shown shaded. The positive 
half-cycle accounts for the upper two-thirds of 
the half-sinewave, and the negative half-cycle is 
close to a trapezoid in waveform. These half- 
cycles differ in duration, but they bound equal 
areas because they do not contain a direct 
component any longer. 

The a. c. component is an ‘unfavourable’ part 
of the rectified voltage. Measures are usually 
taken to minimize it in the load resistor, that is, 
to smooth the pulsations, or ripples, in the 
rectified voltage. One way to do this is to use 
what are known as smoothing filters. They are 
also called ripple filters or rectifier filters. In 
Fig. 3-105, the a.c. component is shown sepa- 
rately. It consists of several harmonics. The one 
most difficult to suppress is the first harmonic 
(or the fundamental), shown shaded in the 
figure. 

A smoothing filter uses high-value capacitors 
which provide a bypass for the a.c. current so 
that as little of it could flow into the load as 
possible. As often, smoothing filters include 
chokes — high-value inductors which impede the 
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flow of the a.c. component into the load. As the 
ripple (or pulsation) frequency goes up, the 
reactance presented by the filter capacitor dec- 
reases and that due to the filter inductors 
increases with the net result that the filter 
performance is improved. 

If a filter performs well in suppressing the 
fundamental of the ripple, it will suppress the 
harmonics still better. Because the harmonics 
are smaller in amplitude than the fundamental, 
practically one only needs to take care of the 
fundamental, the worst “offender” of all. 

In the elementary rectifier we have chosen as 
an example, the fundamental of the ripple is very 
large. Its amplitude V,,, is greater than that of 
the useful component: 


Y= OS Vaw = 1ST (3-14) 


Asa rule, a rectified voltage pulsating so strong- 
ly can hardly be put to practical use. More 
elaborate rectifier circuits do reduce the ripple 
somewhat. The simplest way to reduce the 
ripple, however, is to use a filter consisting of 
a high-value capacitor placed in shunt with the 
load resistor R, (see Fig. 3-85). The inclusion of 
a capacitor, however, affects the performance of 
the diode in a very substantial way. 

A capacitor will smooth the ripple well if its 
capacitance is such that 


l/ac « R, (3-15) 

During some part of a positive half-cycle 
when the diode is forward-biased, there is a 
current flowing through the diode and charging 
the capacitor to a voltage close to E,,. During 
the time interval when no current is flowing 
through the diode, the capacitor discharges 
through the load resistor R, and produces 
across it a voltage which falls off gradually. 
During every subsequent half-cycle the charge 
on the capacitor is restored, and the voltage 
across it rises again. 

It takes very little time for the capacitor to 
charge via the relatively small resistance of the 
diode, but its discharge through the high-value 
load resistor is a far slower process. As a result, 
the voltage across the capacitor and across the 
load placed in shunt with it pulsates only 
slightly. Also, the capacitor builds up the direct 
component of the rectified voltage. In the ab- 
sence of a capacitor, V,, + 0.3£,,; with a capa- 
citor of a sufficiently high value V,, comes very 
closely to E,, and may be equal to 0.8 or 0.95 of 
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Fig. 3-11 
Ripple reduction by a capacitor 


E,, or even greater. Thus, in a single-phase 
half-wave rectifier a capacitor increases the 
rectified voltage nearly three-fold. The greater 
the values of C and R,, the slower the discharge 
of the capacitor, the smaller the ripple, and the 
closer V,, is to E,,. If we remove all of the load 
resistance from the circuit (operation at no-load, 
with R, = 00), a direct voltage free from any 
pulsations and equal to E,, will be developed 
across the capacitor. 

The operation of a rectifier which contains 
a smoothing capacitor is explained in Fig. 3-11 
showing the plots of the source emf e, the diode 
current i, and the capacitor voltage v, equal to 
the load voltage vp. 

A better insight into what happens in a 
rectifier containing a capacitor may be provided 
by the following analogy. Suppose there is 
a machine which needs a steady and uniform 
supply of gas over a pipe. Unfortunately, the 
pump available to the operator can deliver the 
gas only portion-wise (similar to pulses in an 
electric circuit) because the pump draws in some 
gas only during the forward stroke of the piston 
and delivers it to the machine only during the 
reverse stroke. This system is not unlike a 
rectifier without a capacitor, with the pump 
motor acting similarly to the a. c. voltage source 
and with the pump valves acting as the rectifying 
diode. The situation can be improved if we 
install a large tank between the pump and the 
machine and fill it with gas. The tank will then 
supply the gas to the machine at a nearly 
constant pressure. It will pulsate only slightly 
because the pump will replenish the tank and 
maintain the average pressure in it at one and 
the same level. Thus, the tank operates similarly 
to a capacitor in a rectifier. The greater the size 
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of the tank and the smaller the flow rate of gas to 
the machine, the smaller the pulsations in the 
gas pressure. 

The “ + ” side of the capacitor is connected to 
the cathode and its “ — ” side to the anode of the 
diode. Therefore, the diode voltage vg is equal to 
the difference between the source emf and the 
capacitor voltage 
Vg =e— Ue 


(3-16) 


Because vc is nearly equal to £,,, the diode 
voltage becomes a direct one only during some 
part of a positive half-cycle when e exceeds vc 
(near £,,). During these short intervals of time, 
the diode conducts a current in the form of 
pulses which restore the charge on the capacitor. 
During the remainder of each positive half-cycle 
and during the negative half-cycles, the diode 
voltage is reversed, there is no current flowing 
through the diode, and the capacitor discharges 
into R,. 

The reverse voltage across the diode is a 
maximum when the amplitude of the source emf 
is negative, e = — E,,. Because the voltage ac- 
ross the capacitor is then likewise close to E,,, 
the maximum reverse voltage is close in value to 
2E,,. When the load circuit is open-circuited 
(operation at no-load), the maximum reverse 
voltage is equal to 2£,, exactly. Thus, the use of a 
capacitor doubles the reverse voltage as com- 
pared with its value in the absence of a capaci- 
tor.* Therefore, it is important to choose a diode 
capable of standing up to this reverse voltage. 

When the ripple must be kept to a very low 
minimum or when the load resistance is too 
small, a capacitor of a prohibitively high value 
would be required. In other words, the ripple 
could not then be smoothed by a capacitor 
alone, and one would have to add another 
smoothing filter consisting of a high-reactance 
choke and one more capacitor (or a still more 
elaborate filter). 

It is essential to stress the danger associated 
with the short-circuit that may occur in the load 
when the filter capacitor is ruptured. Then all of 
the source voltage will be impressed on the 
diode, and it will be exposed to a prohibitively 
heavy current causing the thermal destruction 
of the diode. 

Semiconductor diodes compare favourably 


* This is not the case with some rectifier circuits. 


with vacuum diodes not only because they need 
no filament (or heater) voltage for the cathode, 
but also because the voltage drop across the 
diode under forward bias is small. Whatever the 
current, or power, for which a semiconductor 
diode has been designed, its forward voltage is 
a few tenths of a volt or a bit higher than | V. 
Therefore, rectifiers using semiconductor diodes 
are more efficient than those using vacuum 
diodes. Importantly, the efficiency improves as 
the voltage to be rectified is increased because 
a loss of about 1 V across the diode itself is 
immaterial. For example, if the voltage to be 
rectified is 100 V and the voltage drop across the 
diode is | V, the efficiency is about 99% (the 
figure will of course be a bit smaller if we take 
into account some other losses). 

Thus, semiconductor diodes are more eco- 
nomical than vacuum diodes and generate less 
heat in operation so that less damage is caused 
to the nearby components. Also, semiconductor 
diodes have a very long service life. They suffer 
from a disadvantage ir that they can stand up to 
a relatively low reverse voltage—not more than 
several hundred volts while the figure for H. V. 
vacuum diodes may be tens of kilovolts. 

Semiconductor diodes may be used in any 
type of rectifier circuit. If, however, the front-end 
element of a smoothing filter is a high-value 
capacitor, it might pass a current pulse which 
may exceed the limit of forward current for the 
diode. To avoid this, the usual practice is to 
connect the diode in series with a current- 
limiting resistor of several units or tens of ohms. 

In diodes used as rectifiers, reversal of voltage 
polarity may give rise to substantial pulses of 
reverse current (Fig. 3-12). They can arise from 
two causes. Firstly, the reverse voltage gives rise 
to a current pulse which charges the depletion- 
layer (barrier) capacitance of the p-n junction — 
the higher this capacitance, the stronger the 
current pulse. Secondly, the reverse voltage 
permits the diffusion capacitance to discharge, 
that is, to release the minority carriers stored in 
the n- and p-regions. During the flow of forward 
current these carriers are injected across the 
interface and, failing to recombine or escape, are 
stored in the n- and p-regions. In practice, one 
has to reckon most of all with the large charge 
stored in the base region. 

For example, if the electron concentration in 
the n-region is substantially greater than the 
hole concentration in the p-region, the n-region 
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Fig. 3-12 
Reverse current pulses in a crystal diode 


will be the emitter and the p-region, the base. 
The injection of electrons from the n- into the 
p-region exceeds that of holes the other way 
around, so electrons are mostly stored in the 
p-region. When the voltage polarity is reversed, 
this charge is removed — the electrons move from 
the p- into the n-region, thereby giving rise to 
a reverse current pulse. The heavier the forward 
current, the greater the number of injected 
carriers (electrons in our case) and the greater 
the charge that they form. As a consequence, a 
stronger pulse of reverse current will be produc- 
ed. After this charge has been removed and the 
barrier capacitance has practically been fully 
charged, there will remain an extremely small 
reverse current which may be neglected. 

The reverse current pulse gains in strength 
with a rise in frequency. The explanation is that 
the reverse voltage builds up at a progressively 
faster rate as the frequency is raised. In conse- 
quence, the barrier capacitance is charged by 
a heavier current, that is, in a shorter span of 
time. In other words, a rise in frequency brings 
about a decrease in capacitive reactance, and the 
reverse current rises in proportion. The charge 
produced by the injected carriers is removed 
likewise faster, and this also serves to build up 
the reverse current pulse. 

At low frequencies, the reverse current pulse is 
very small and its duration is only a small 
fraction of the half-cycle. At a certain high 
frequency the reverse current pulse may have 
about the same amplitude as the forward cur- 
rent pulse and last throughout the half-cycle. If 
the forward and reverse current pulses are equal 


in area, the direct component (the average 
rectified current) will be zero—there will be no 
rectification. In practice, it is recommended to 
use diodes for rectification up to a frequency at 
which the direct component of the rectified 
current drops by not more than 30% as compa- 
red with its value at low frequencies. 

A rise in temperature brings about a decrease 
in R, and R,, but this usually has only a slight 
effect on rectification. The point is that the 
forward current is practically determined by the 
load resistance R, which usually is many times 
the forward resistance of the diode, while the 
reverse resistance even of a hot diode remains 
sufficiently large in comparison with R,, and so 
the reverse current remains small in comparison 
with the forward current. 

The performance of diodes in low-frequency 
rectifiers can be evaluated in terms of several 
quantities. They include the forward current 
averaged over a period, I; ,,; the corresponding 
voltage drop across the diode, V;,,, the reverse 
voltage, V.,y, and the corresponding reverse 
current, J,,,. The current J;,, is often called the 
rectified current. Other important quantities are 
the maximum allowable (limiting) reverse vol- 
tage V, max, the maximum allowable (limiting) 
forward (or rectified) current Is max, the maxi- 
mum safe case temperature fcase max, and also the 
operating frequency limit finax. 


3-6 Series and Parallel Connection of 
Diodes 


When very high voltages are to be rectified, 
diodes have to be connected in series so that the 
reverse voltage across each diode could not 
exceed its safe limit. Unfortunately, it often 
happens that several diodes of the same type 
differ in reverse resistance (sometimes by a 
factor of tens). Because of this, the actual reverse 
voltage across some of the diodes may exceed 
their safe limit, and the diodes may break down. 
An example will give a better insight into the 
matter. 

Suppose that in a rectifier the amplitude of 
reverse voltage is 1000 V and the diodes are 
chosen such that V, max = 400 V. Obviously, at 
least three diodes have to be connected in series. 
Let the reverse resistances of the diodes be such 
that R,; = R,2 = 1 MQ and R,3 = 3 MQ. The 
reverse voltage is divided in proportion to the 
reverse resistances, and so we find that V., = 


46 Part One. Semiconductor Devices 


= V,.. = 200 V and V,3 = 600 V. Thus, the 
reverse voltage across the third diode (which is, 
incidentally, the best of the three because it has 
the highest R,) will exceed its safe limit, and the 
diode may break down. If this happens, the 
applied voltage (1000 V) will be divided among 
the remaining diodes, and a voltage of 500 V will 
exist across each of them. Obviously, any of the 
two may break down, and all of the 1000 V will 
then be applied to the remaining single diode, 
and the diode will not endure it. This chain of 
events sometimes happens in a matter of a split 
second. 

For the reverse voltage to be divided equally 
among all the diodes irrespective of their reverse 
resistances, resort is made to resistors that are 
placed in shunt with the diodes (Fig. 3-13). The 
shunting resistors must have the same value of 
Rg, which is substantially smaller than the 
lowest of all the reverse resistances of the diodes. 
On the other hand, R,, ought not to be too 
small, or else the reverse voltage will give rise to 
an excessive current, thus impairing the quality 
of rectification. For our example, we should take 
100-kQ resistors. Then, with a reverse voltage 
applied to the circuit, the resistance of each 
section of the circuit will be somewhat less than 
100 kQ, and the total reverse voltage will be 
divided among these sections in three nearly 
equal parts. The reverse voltage across each 
section will be lower than 400 V, and the diodes 
will operate reliably. As a rule, shunting resistors 
range in value from several tens to several 
hundred kilohms. 

Diodes are connected in parallel when the 
desired forward current exceeds the current 
limit of a single diode. If, however, we connect 
several diodes of the same type simply in 
parallel, they will be loaded differently because 
of the spread in their volt-ampere characteris- 
tics, and the current in some of them will exceed 
the safe limit. The difference in forward current 
between diodes of the same type may be as great 
as tens of per cent. 

As an example, Fig. 3-14a shows the charac- 
teristic of identical forward-biased diodes for 
which Imax = 0.2 A. Suppose we want these 
diodes to deliver a direct current of 0.4 A. If we 
connect them in parallel, then at a current of 
0.2 A the voltage across one diode will be 0.4 
V (curve /), while the current in the other diode 
with the same voltage applied (curve 2) will be 
a mere 0.05 A. Thus, the total current will be 0.25 


Reh Reh Rsh 
D, Ds D3 
Fig. 3-13 


Crystal diodes connected in series 


Fig. 3-14 
Crystal diodes connected in parallel 


A and not 0.4 A. The voltage across the diodes 
may not be raised because the current in the first 
diode would then exceed its safe limit. 

It is seen from reference to the characteristics 
that if the second diode is to deliver a current of 
0.2 A, the voltage across it must be 0.5 V which is 
by 0.1 V higher than it is across the first. Thus, 
for the diodes to operate properly, a voltage of 
0.5 V must be applied and an equalizing resistor 
should precede the first diode (D,) so as to 
absorb its excess 0.1 V at a current of 0.2 A (Fig. 
3-14b). Obviously, the resistance of this resistor 
should be Reg = 0.1/0.2 = 0.5 Q. With this resis- 
tor connected as shown, the two diodes will be 
loaded identically by a current of 0.2 A. 

In practice, it occurs but seldom that more 
than two or three diodes are connected in 
parallel. Equalizing resistors with a resistance of 
a few tenths of an ohm or units of ohms are 
usually chosen by trial and error until the same 
current is flowing in all the diodes in operation 
at load. Sometimes, the resistance of the equali- 
zing resistors is deliberately chosen to be several 
times the forward resistance of the diodes. This 
is done in order that the current in each diode 
could be determined mainly by R,,. Unfortuna- 
tely, this brings about a further voltage drop 
across R.g, which is many times the forward 
voltage across the diodes, and the efficiency is of 
course impaired. If it is not desirable to include 
equalizing resistors, the diodes to be used must 
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be matched for their characteristics. Whenever 
possible, however, the parallel connection of 
diodes should preferably be avoided. 


3-7 The Pulsed Operation of Semiconductor 
Diodes 


Many state-of-the-art electronic circuits use 
semiconductor diodes in the pulsed mode with 
a pulse duration of several microseconds or even 
less. We will examine this mode of operation, 
taking as an example a diode connected in series 
with a load whose resistance, R,, is many times 
the forward resistance of the diode, R, >> Rr. 

Let such a circuit be acted upon by a pulsed 
voltage which consists of a short forward-volta- 
ge pulse (a positive-going pulse) which turns on 
the diode, and a longer reverse-voltage pulse (a 
negative-going pulse) which turns off the diode 
reliably until the arrival of the next positive (or 
enabling) pulse. The voltage pulses are rectan- 
gular in shape (Fig. 3-15a). 

The waveform of current ana of the propor- 
tional voltage across R, is shown in Fig. 3-15b. 
When a forward voltage is impressed on the 
diode, the current in the circuit is determined by 
the load resistance R,. Although the forward 
resistance of the diode is nonlinear, its effect is 
almost negligible because it is a small fraction of 
R,. For this reason, the forward-current pulses 
will be left almost undistorted. A slight distor- 
tion may be observed only in the case of very 
short pulses (with a duration of a split microse- 
cond). 

Upon reversal of polarity, that is, when a 
reverse voltage is applied, the diode is not turned 
off at once, but during some time taken up by 
a reverse current pulse (Fig. 3-155) which 
markedly exceeds in amplitude the reverse cur- 
rent in a steady state, i,,,. This reverse-current 
pulse owes its origin to the same causes as when 
the diode operates at high frequencies (see Sec. 
3-5). The primary cause is the discharge of the 
diffusion capacitance, that is, removal of the 
charges formed by mobile carriers in the n- and 
p-regions. Because the impurity concentrations 
in these regions are usually very different, the 
reverse-current pulse is mainly produced by 
removal of the charge stored in the base, that is, 
the region of a relatively low conductivity. For 
example, if the n-region acts as the emitter and 
the p-region as the base, the flow of holes in 
a forward-biased diode from the p- into the 
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Fig. 3-15 
Pulsed operation of a crystal diode 


n-region may be neglected and only the flow of 
electrons from the n- into the p-region needs to 
be considered. 

This diffusion current across the junction 
results in the accumulation and storage of 
electrons in the p-region because they cannot 
recombine or reach the p-terminal at once. 
Upon reversal of voltage polarity, the charge 
stored in the base region moves in the reverse 
direction, giving rise to a reverse current pulse. 
The heavier was the forward current, the greater 
the number of electrons stored in the base region 
and the stronger the reverse current pulse. On 
moving from the base back to the emitter, some 
of the electrons recombine with holes and some 
pass through the n-region and reach the metal 
electrode made to that region. 

Removal of the space charge stored in the 
base lasts for some time. At the end of this time 
interval, the reverse current acquires its very 
small steady-state value, i,,,. We may describe 
this chain of events somewhat differently. At first 
the reverse diode resistance R, is relatively low, 
then it gradually rises and finally reaches its 
normal steady-state value. The time from the 
instant when a reverse current is produced to the 
instant when it falls to its steady-state value is 
called the reverse recovery time, T,ec. It is a very 
important parameter for diodes intended for use 
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in the pulsed (or switching) mode. For switching 
diodes the reverse recovery time does not exceed 
a split microsecond. The shorter this time, the 
better, because the diode will then take much 
less time to turn off. 

The other cause for the generation of a reverse 
current pulse is the charging of the diode 
capacitance by the reverse voltage. The charging 
current of this capacitance is added to the 
current associated with removal of stored car- 
riers and gives rise to a total reverse current 
pulse which increases in strength in proportion 
to the diode capacitance. For switching diodes, 
this capacitance does not exceed a few pico- 
farads. 

If the duration of the forward current pulse is 
substantially longer than that of the transients 
we have just examined (say, several millise- 
conds), the reverse current pulse will be extre- 
mely short and it may be neglected (Fig. 3-15c). 

Apart from the reverse recovery time and 
diode capacitance, switching diodes are charac- 
terized by several other important quantities. 
They are the direct forward voltage V, at 
a specified direct forward current I;, the reverse 
current I, at a specified reverse voltage V,, the 
maximum allowable reverse voltage V, max, and 
the maximum allowable forward current pulse 


Teimax- 


3-8 Basic Types of Semiconductor Diodes 


Semiconductor diodes may be classed into 
groups in many ways. One classification is by 
type of semiconductor material, another by 
frequency, still another by function or by con- 
struction, etc. 

A very important classification is by type of 
structure. Here, all semiconductor diodes are 
classed into the point-contact type and the 
junction type. In point-contact diodes, the linear 
dimensions determining the area of the p-n 
junction are comparable with the thickness of 
the transition region or even smaller. In junction 
diodes, these dimensions are markedly greater 
than the thickness of the junction. 

Point-contact diodes have a very small capa- 
citance (usually less than | pF), and so they can 
be used at any frequencies, up to the microwave 
band. However, they can conduct a current of 
just a few units or tens of milliamperes. Junction 
diodes have a capacitance of tens of picofarads 
or even greater, depending on the junction area. 


Fig. 3-16 
Structure of a point-contact crystal diode 


(b) . 


Fig. 3-17 


Germanium p-n junction diodes manufactured by (a) 
alloying and (5) diffusion 


The current limit for junction diodes may be as 
high as tens of milliamperes to hundreds of 
amperes or even greater. 

Point-contact and junction diodes are fabri- 
cated from semiconductor wafers sliced off 
a single crystal which has a regular crystal 
structure in all directions. The source materials 
for point-contact and junction diodes are most 
often germanium and silicon. More recently, 
gallium arsenide (GaAs) and other compounds 
have come into use for this purpose. 

In sketch form, the arrangement of a point- 
contact diode is shown in Fig. 3-16. It has a thin 
pointed wire (called a catwhisker) to which 
a desired impurity is applied and then is welded 
by a current pulse to a wafer of semiconductor 
having a certain type of conduction. When the 
metal point contacts the surface of the semi- 
conductor, impurity atoms diffuse into the host 
material and produce a region of the opposite 
type of conduction (this step is called forming). In 
this way, a miniature hemispherical p-n junction 
is formed near the metal point. Hence the name 
“point contact”. 

Germanium point-contact diodes are fabri- 
cated from n-type germanium with a relatively 
high resistivity. The catwhisker welded to a 
germanium wafer is a tungsten wire given a coat 
of indium which acts as an acceptor impurity for 
germanium. The p-region thus produced in the 
germanium wafer acts as the emitter. Silicon 
point-contact diodes are fabricated from n-type 
silicon, and the catwhisker is given a coat of 
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aluminium which behaves as an acceptor for 
silicon. 

Junction diodes are mainly fabricated by 
alloying (or fusion) and diffusion (Fig. 3-17). The 
alloying process is a fabrication technique in 
which a small button of indium is fused at about 
500°C into an n-type germanium wafer. The 
impurity metal alloys with the semiconductor 
material to form a p-type region of germanium. 
This p-type region has a higher impurity con- 
centration than the remainder of the relatively 
high-resistance germanium, and so it acts as the 
emitter. Terminal leads, usually of nickel, are 
then welded to the germanium wafer and the 
indium button. If the host material is high- 
resistance p-type germanium, the impurity is 
usually antimony. On alloying with the host 
material, it forms an n-type emitter. 

The alloying process produces what are called 
abrupt p-n junctions in which the region having 
a higher impurity concentration is substantially 
narrower than the region enclosing the space 
charges existing at the junction. 

The diffusion process is a method of pro- 
ducing p-n junctions by disseminating acceptors 
or donors into a semiconductor at a high 
temperature. The impurity in the diffusion pro- 
cess is usually in the gaseous state. For the 
diffusion to proceed at a high rate, the host 
semiconductor is heated to a far higher tempe- 
rature than in the alloying process. For example, 
an n-type germanium wafer will be heated to 
900°C and placed in an atmosphere of gaseous 
indium. This treatment produces a layer of 
p-type germanium on the surface of the wafer. 
By varying the diffusion time, one can readily 
produce any desired thickness of such a layer 
with sufficient accuracy. On cooling, it is etched 
away from all parts of the wafer except one face. 
The diffused layer acts as the emitter. A diffused- 
junction diode is likewise fitted with electrodes 
and terminal leads which are made to the 
diffused layer and to the host wafer. In diffused- 
junction diodes, the impurity atoms penetrate to 
a relatively large depth into the host material, 
and so what is called a graded p-n junction is 
produced. In such diodes, the region where the 
impurity concentration varies is comparable in 
thickness with the region enclosing the space 
charges concentrated at the junction. 

Now we will take a look at the various 
semiconductor diodes from the view-point of 
the functions they are intended to perform. 
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Rectifying junction diodes. Wide use is made 
of low-frequency rectifying junction diodes in- 
tended to rectify alternating current at frequen- 
cles to several kilohertz (sometimes, as high as 
50 kHz). These diodes are used in rectifiers 
which power various equipment. Sometimes 
they are called power diodes. Low-frequency 
junction diodes are made of germanium or 
silicon. They are classed into low-power, me- 
dium-power, and high-power. The respective 
limits of rectified currents are 300 mA, from 
300 mA to 10 A, and over 10 A. The diode 
ratings are usually quoted for operation at an 
ambient temperature of 20 + S°C. 

Germanium diodes are usually fabricated by 
fusing indium into n-type germanium. They can 
stand up to a current density of as high as 100 
Acm~? ata forward voltage of up to 0.8 V. The 
limit of reverse voltage for them does not exceed 
400 V, and the reverse current usually is a few 
tenths or hundredths of a milliampere for low- 
power diodes and several amperes for medi- 
um-power diodes. The operating temperature 
for these diodes ranges from — 60° to + 75°C. If 
a diode has to be operated at an ambient 
temperature in excess of 20°C, its reverse voltage 
must be brought down. The devices are likely to 
be overheated at a reduced atmospheric pres- 
sure or in the case of poor cooling. In the 
circumstances, overheating can be avoided by 
running the devices at a reduced rectified cur- 
rent. 

High-power germanium diodes use natural 
air cooling. They are designed for a rectified 
current of as high as 1000 A and a reverse 
voltage of up to 150 V. 

Of late, there has been a steadily growing 
interest in rectifying silicon diodes. They are 
fabricated by fusing aluminium into n-type 
silicon or an alloy of tin and phosphorus or gold 
into p-type silicon. They can also be fabricated 
by the diffusion process. Silicon diodes offer a 
number of advantages over germanium diodes. 
Their limit of forward current density may be as 
high as 200 A cm~?, and the limit of reverse 
voltage, up to 1000 V. The operating tempera- 
ture ranges from — 60° to + 125°C (or even 
+ 150°C for some makes). The forward voltage 
of silicon diodes may run as high as 1-1.5 
V which is somewhat greater than the figure for 
germanium diodes. The reverse current of sili- 
con diodes is substantially lower than it is in 
germanium diodes. 


SO Part One, Semiconductor Devices 


High-voltage rectifiers use silicon piles enclo- 
sed in rectangular plastic cases which are in turn 
sealed with insulating resin. They can be de- 
signed for a current of several hundred milli- 
amperes and a reverse voltage of several kilo- 
volts. Silicon piles can be put together into 
larger units which can readily be assembled into 
various rectifier ciruits (such as bridge rectifiers 
or voltage doublers). Each pile in such a unit has 
terminal leads of its own for convenience in 
voltage adjustment. There are high-power sili- 
con diodes which can handle rectified currents 
from 10 to 500 A at a reverse voltage of 50 to 
1000 V. 

Rectifying point-contact diodes. They are 
widely used at high frequencies and some of 
them even at microwave frequencies (up to 
several hundred megahertz) and can perform 
well at low frequencies. These diodes are extre- 
mely versatile as they may be used in a large 
variety of circuit configurations. Germanium 
and silicon point-contact rectifying diodes may 
be designed for a maximum allowable reverse 
voltage of up to 150 V and a maximum allow- 
able rectified current of up to 100 mA. 

Switching diodes. The manner in which these 
diodes operate and the quantities associated 
with this mode of operation have been discussed 
in Sec. 3-7. The most important quantity which 
decides whether a given diode can be used in 
applications involving short pulses is the reverse 
recovery time, T,¢¢. In order to make it as short 
as possible, switching diodes are fabricated so 
that the junction capacitance is small and the 
carriers can recombine fast. Switching diodes 
are made for pulse currents up to several 
hundred milliamperes and a maximum allow- 
able reverse voltage of a few tens of volts. 

Applications involving very short pulses use 
what are known as mesa diodes (from the 
Spanish ‘mesa’ for ‘table’ or ‘plateau’). They are 
fabricated by a process which turns them out in 
large numbers at a time. As the first step in the 
process, a wafer of the host semiconductor is 
given a layer of the opposite type of conduction 
by the diffusion process. During the second step, 
a mask is deposited over the diffused layer so as 
to protect a multiplicity of small areas against 
the subsequent etching. The unmasked areas are 
then etched away, and the masked areas appear 
as plateaus above the remaining material (Fig. 
3-18) to act as small p-n junctions. Finally, the 
wafer is sliced into chips each of which is 


Fig. 3-18 


Mesa diode: (/) diffused n-type layer; (2) n-region lead; 
(3) material removed by etching; (4) p-type semi- 
conductor substrate 
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Reverse current-voltage characteristic of a silicon 
breakdown diode 


a junction diode. A distinction of mesa diodes is 
a reduction in the volume of the base region. As 
a result, the storage time of a switching mesa 
diode is markedly cut down. Since several 
diodes are made from a single wafer, the spread 
in characteristics and parameters between them 
is likewise minimized. 

Breakdown diodes. As has been shown, the 
current-voltage characteristic of breakdown 
diodes has a portion which may be used for 
voltage regulation (or stabilization). In silicon 
junction diodes, this portion corresponds to 
variations in the reverse current between broad 
limits. Before a breakdown occurs, the reverse 
current is very small, at breakdown (in the 
voltage stabilization mode) it is comparable in 
magnitude with the forward current. As of this 
writing, many types of breakdown (voltage 
reference, voltage regulator, or VR) diodes are 
available, but they all are made of only silicon. 
They owe the name ‘voltage reference’ or ‘vol- 
tage regulator’ to the fact that once the break- 
down has occurred, they will maintain their 
output voltage at a constant value that can be 
utilized as reference. Figure 3-19 shows the 
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current-voltage characteristic of a typical break- 
down diode under reverse bias. As is seen, when 
the diode is operating in the avalanche break- 
down region (the voltage regulation mode), the 
output voltage changes very little. Under for- 
ward bias, the current voltage characteristic is 
the same as it is for conventional diodes. 

Silicon VR diodes may be made for very low 
voltages (a few volts) such as are used to power 
many transistor circuits. 

The basic parameters of silicon breakdown 
diodes include the following quantities. The 
breakdown voltage V, may range from about 5 
to 200 V, the diode current may range from tens 
to hundreds of milliamperes. The peak power 
dissipation Py,ax is from hundreds of milliwatts 
to several watts. The dynamic resistance Ray, = 
Av/Ai in the VR mode may range from a few 
tenths of an ohm for low-voltage high-power 
breakdown diodes to 100-200 Q for high-voltage 
devices. The dynamic resistance of low-voltage, 
low-power breakdown diodes is from a few 
ohms to tens of ohms. The lower the dynamic 
resistance, the better the performance of the 
diode. In an ideal case, Ray, = 0. Since Ray, isan 
a.c. resistance, it ought not to be confused with 
the d.c. resistance of a breakdown diode, defi- 
ned as Ry = v/i. The value of Ry is always many 
times that of Ray». The temperature effect is 
stated in terms of the temperature coefficient of 
breakdown voltage, TCV, which is the ratio of 
the change in V, to a unit change in temperature 


TCV = AV,/(V, AT) (3-17) 


The temperature coefficient of voltage may 
range from 107* to 10-3 K~1. The value of Vg 
and the sign of the TCV depend on the resistivity 
of the host semiconductor. Breakdown diodes 
for voltages up to 6-7 V are made of silicon of 
a low resistivity, that is, with a high impurity 
concentration. In such diodes, the p-n junction is 
very narrow, the inherent field is very strong, 
and the breakdown mainly occurs by the Zener 
mechanism. This results in a negative tempera- 
ture coefficient of voltage. When the source 
material is silicon with a lower impurity con- 
centration, a wider p-n junction will be produ- 
ced. It will break down at a higher voltage by the 
reverse-bias avalanche mechanism. Such diodes 
have a positive temperature coefficient of break- 
down voltage. 

Figure 3-20 shows a simple circuit using 
a breakdown diode. The load is placed in shunt 


Fig. 3-20 
Connection of a breakdown diode in a circuit 


with the diode. Therefore, in the breakdown 
region when the voltage across the diode re- 
mains nearly constant, the same voltage will 
exist across the load. If the source of voltage E is 
unstable, any changes in E will almost comple- 
tely be absorbed by a limiting resistor, Rjim. 
Most often, breakdown diodes are used in 
situations where the source voltage is unstable 
and the load voltage must be constant. To 
achieve proper voltage regulation, a certain 
definite value must be chosen for Rj;,,. As a rule, 
Riim 18 calculated for the Q-point lying midway 
on the diode characteristic. If the source voltage 
E varies from Emin to Emax, the value of 
Riim May be found by the following equation; 


Rim i (Ey P V3)/Uav I,) (3-18) 


where E,y = (Emin + Emax)/2 is the arithmetic 
mean of source voltage, Jay = (min + Imax)/2 is 
the arithmetic mean of diode current, and J, = 
= V,/R, is the load current. 

Should £ change one way or the other, the 
diode current would also change, but the voltage 
across it and, in consequence, the voltage applied 
to the load would remain constant very nearly. 

Because any changes in the source voltage 
must be absorbed by the limiting resistor, the 
maximum change in source voltage equal to 
Emax — Emin Must correspond to the maximum 
possible change in current at which the break- 
down diode still retains its voltage regulation 
ability, that is, Imax — Jmin- It follows then that if 
E changes by AE, voltage regulation will be 
effected on satisfying the condition 


AE < (Znaax os I nin) Rim (3-19) 


Voltage regulation in the case of larger chan- 
ges in E can be retained by increasing the value 
of Rim. It follows from Eq. (3-18) that a higher 
value of Rjjm entails a lower value of I,, that is, 
a higher value of R,. An increase in E£,, likewise 
leads to an increase in Rjjm.- 

Sometimes it may be necessary to obtain 
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a regulated voltage lower in value than that 
supplied by the breakdown diode used. This 
goal can be achieved by placing the load in series 
with a small resistor whose resistance can 
readily be found by Ohm’s law (Fig. 3-21). 

Another case of voltage regulation occurs 
when Fis constant and R, ranges from R, min to 
Ry, max: For this case, R}jm can be found from the 
average values of currents, using the following 
equation: 


Riim = (E — Vg)/av + Li av) 
where 

Tuav = (ymin + Ii max)/2 
Ty, min = Vp/Ry max 

I, max = Vg/R. min 


The operation of the circuit in the above case 
may be explained as follows. Because Rj, is 
constant and the voltage drop across it, equal to 
E — Vj, is likewise constant, the current in Rim, 
equal to I,, + J, ay, must also be constant. But 
this is possible only if the diode current J and the 
load current J, change to the same extent but in 
opposite senses. For example, if J, rises, the 
diode current J must fall by the same amount so 
that their sum remains unchanged. 

Where high regulated voltages are needed or 
involved, resort is made to a series connection of 
breakdown diodes designed each for the same 
current (Fig. 3-22). It is not recommended to 
use parallel connection of several breakdown 
diodes in order to obtain a higher regulated 
voltage because individual devices even of the 
same type may greatly differ in characteristics 
and parameters. Parallel connection may be 
used only if the total power dissipation by all the 
diodes does not exceed the peak power of 
a single diode. 

As an alternative, breakdown diodes may be 
connected in cascade (Fig. 3-23) in which case 
diode D, must have a higher V, than diode D,. 

How well voltage regulation is performed is 
stated in terms of the voltage regulation ratio (or 
the stabilization factor), k,,,. It is defined as the 
ratio of a fractional change in source voltage to 
the fractional change in the breakdown voltage. 
For the simple circuit shown in Fig. 3-20 we 
may write 


: Kreg = (AE/E)/(AV,/Vp) 


(3-20) 


(3-21) 


Fig. 3-21 


Connection of a series resistor to bring down the 
regulated voltage across load 


Fig. 3-22 
Breakdown diodes connected in series 


Riim1 | Plim 2 


Fig, 3-23 


Cascade connection of breakdown diodes 


Practical breakdown diodes have a kyeg of 
several tens. For a cascade connection the 
overall keg is the product of the individual k,.g: 


(3-22) 


and may be as high as several. hundreds even 
with two stages in cascade. 

‘The voltage regulation schemes examined 
above suffer from a drawback which consists in 
that a good deal of power is dissipated in the 
diode itself and in the limiting resistor(s), with 
the result that the efficiency is heavily impaired. 
The losses are especially noticeable in a cascade 
connection. 

It is to be noted that if the source voltage E is 
subject to fluctuations or pulsations, a break- 
down diode will smooth them out to a great 
extent. This is because a breakdown diode has 
a low a.c. resistance which is usually a small 
fraction of Rim. Therefore, the greater propor- 
tion of the ripple voltage will be absorbed in 
Rim, and only a very small fraction of this 


Kreg tots Kreg 1 Kreg 2eee 
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Fig. 3-24 


Connection of a varactor in a resonant circuit as 
a variable capacitor 


voltage will be dropped across the breakdown 
diode and the load. 

Varactors. A varactor is a p-n junction semi- 
conductor diode which utilizes variations in the 
junction capacitance with reverse bias. In effect, 
varactors are variable capacitors whose capaci- 
tance is controlled electrically (by varying the 
reverse voltage) rather than mechanically. 

Varactors are mainly used as tuning elements 
in resonant (tuned) circuits and some specialized 


devices, such as parametric amplifiers. Figure 
3-24 shows a diagram of a simple tuned circuit 
containing a varactor. By varying the reverse 
voltage across the varactor with a potentiome- 
ter, R, we can control the resonance frequency 
of the tuned circuit. R, is a high-value series 
resistor included in order to maintain the Q-fac- 
tor of the tuned circuit in the face of the shunting 
effect of the potentiometer R. Cy is a duc. 
blocking capacitor; without it the varactor 
would have been short-circuited for direct 
current by the tuned-circuit inductor L. 

The job of varactors can well be done by 
silicon breakdown diodes operated at a voltage 
below V,, when the reverse current is still very 
small and, in consequence, the reverse resistance 
is very high. 

We have examined only the most commonly 
used types of semiconductor diodes. There are 
also a number of special-purpose diodes some of 
which will be described in Chap. 8. 


Chapter Four 
Bipolar Transistors 


4-1 General Principles 


Transistors are semiconductor devices capable 
of power amplification and having three or more 
leads. They may have two or more p-n junctions, 
but most common among them are those with 
two p-n junctions. They are called bipolar junc- 
tion transistors. They owe the name ‘bipolar’ to 
the fact that they utilize the flow of both 
minority and majority charge carriers through 
the device. 

The first transistor was invented in 1948. It 
was a point-contact transistor. The point-con- 
tact transistor consisted of a small crystal of 
semiconductor (usually germanium) with two 
rectifying point contacts attached in close pro- 
ximity to each other and a single large-area 
ohmic contact at some distance from the point 
contacts. Unfortunately, point-contact transis- 
tors have proved unstable in operation and are 
now obsolete, being ousted by junction transis- 
tors which were invented in 1949. 


The basic principles of a bipolar junction 
transistor are illustrated in Fig. 4-1. It is a wafer 
of germanium, silicon, or some other semicon- 
ductor in which three regions differing in the 
type of conduction have been produced. As an 
example, we have taken an n-p-n transistor in 
which the middle region has hole conduction, 
and the two outer regions have electron con- 
duction. As common are p-n-p transistors in 
which the outer regions have hole conduction 
and the middle region, electron conduction. 

The middle region is called the base, one of the 
outer regions is called the emitter, and the other, 
the collector. Thus, our transistor has two p-n 
junctions, one between emitter and base, and the 
other between base and collector. The spacing 
between them must be very small, not more than 
a few micrometers and this means that the base 
region must be very narrow. This requirement is 
essential for proper operation of a transistor. 
Also, the impurity concentration in the base is 
always substantially lower than it is in the 
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B B 
Fig. 4-1 
Structure and graphical symbol of a p-n junction 

transistor 


collector and emitter regions. Attached to each 
of the three regions is a metal electrode and 
a lead. 

The quantities associated with the base, emit- 
ter, and collector carry, respectively the sub- 
script B, E, or C. For example the base, emitter 
and collector currents are designated as ig, ip 
and i,. The voltages between the electrodes are 
usually supplied with two-letter subscripts. For 
example, the voltage between base and emitter is 
labelled as vgp, and that between collector and 
base as vc,. In the diagram (or circuit) symbols 
of p-n-p and n-p-n transistors the arrow shows 
the conventional direction of current flow (from 
the “+” to the “ —” terminal) in the emitter 
lead when the emitter-base junction is forward- 
biased. 

A transistor can operate in any one of three 
regions, depending on the voltages across its 


junctions. These are the active region, the cutoff 


region, and the saturation region. A transistor is 
said to be operating in the active region when its 
emitter-base junction is forward-biased and its 
collector-base junction is reverse-biased. A tran- 
sistor is driven into the cutoff region by reverse- 
biasing both p-n junctions. When, on the other 
hand, the two junctions of a transistor are 
forward-biased, it is said to be operating in the 
saturation region or at saturation. The active 
region is the basic mode of operation. It is 
utilized in most amplifiers and oscillators. 
Therefore, we will discuss the operation of the 
transistor in the active region in more detail. The 
cutoff and saturation regions are typical of 


transistors operating im the switching mode, and 
they will also be discussed, but at a later time. 

As a rule, in any application using a transis- 
tor, two circuits are formed. One is the input or 
control circuit and the other is the output or 
controlled circuit. The source of the signal to be 
amplified is connected into the input circuit, and 
the load is connected to the output circuit. The 
quantities associated with the input circuit may 
carry either the letter subscript “in” or the 
numerical subscript “1”. The quantities associa- 
ted with the output circuit may be labelled “out” 
on <2": 


4-2 Physical Processes in a Transistor 


To begin with, we will see how, say, an n-p-n 
transistor operates with its load disconnected 
(static operation or operation at no-load), when 
only sources of direct supply voltages, £, and 
E,, are connected into the circuit (Fig. 4-2a). 
Their polarity is such that the emitter junction is 
forward-biased, and the collector junction is 
reverse-biased. Therefore, the resistance of the 
emitter junction is low, and for a normal current 
to flow across this junction it will suffice to apply 
a voltage, E,, of a few tenths of a volt. The 
resistance of the collector junction is high, and 
E, is usually from several volts to tens of volts. 
As is seen from the circuit diagram of Fig. 4-2a, 
the transistor voltages are connected by a simple 
relation of the form 


(4-1) 


When a transistor is operating in the active 
region, it is usually always that vp, is substanti- 
ally lower than veg, and in consequence Uc, is 
approximately equal to vg. 

The current-voltage characteristic of the 
emitter junction is in effect the characteristic of 
a forward-biased semiconductor diode (see Fig. 
3-2) and the current-voltage characteristic of the 
collector junction is similar to that of the 
reverse-biased semiconductor diode. 

In basic terms, the operation of a transistor 
consists in that the forward voltage across the 
emitter junction, vg, has a strong effect on the 
collector current: the higher this voltage, the 
heavier the emitter and collector currents, and 
variations in the collector current are only 
slightly lower than those in the emitter current. 
In this way, the emitter-base voltage, vg_, which 
is the input voltage, controls the collector 


Uce = Ucg t+ Upe 
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Fig. 4-2 


Motion of electrons and holes in an n-p-n and a p-n-p 
transistor 


current. This is the basis of signal amplification 
by transistors. 

Physical processes occur in a transistor as 
follows. An increase in the forward input voltage 
Ugg brings about a fall in the height of the 
potential barrier at the emitter junction and 
a proportionate increase in the current flowing 
across that junction, that is, in the emitter 
current i,. The electrons that make up this 
current are injected from the emitter into the 
base and also diffuse through the base into the 
collector region, thereby boosting the collector 
current. Because the collector junction is rever- 
se-biased, there appear space charges shown as 
encircled “ + ” and “ — ” signs in the figure, and 
an electric field is set up between them. This field 
assists in sweeping the electrons arriving here 
from the emitter across the collector junction or 


A) 
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pulling them into the collector region. 

If the base is narrow enough and its hole 
concentration is low, most of the electrons swept 
across the base will not have time to recombine 
with holes in the base, but will reach the 
collector junction. Very few of the electrons 
recombine with holes in the base. Recombina- 
tion gives rise to the base current that flows in 
the base lead. In a steady state, the number of 
holes in the base must remain unchanged. 
Because of recombination, so-many holes dis- 
appear every second, but as many new holes are 
produced owing to the fact that an equal 
number of electrons leave the base for the “ + ” 
terminal of the E, source. In other words, the 
base cannot retain very many electrons. If some 
of the electrons injected into the base from the 
emitter fail to reach the collector and remain in 
the base to recombine with holes, exactly as 
many electrons should leave the base as the base 
current iy. Because the collector current is 
smaller than the emitter current, the following 
relation always exists between the currents in 
accord with Kirchhoffs current (or first) law: 


(4-2) 


The base current is useless if not detrimental. 
Preferably, it should be as small as practicable. 
As a rule, i, accounts for a few per cent of the 
emitter current, i; < i,, and so the collector 
current is only slightly lower than the emitter 
current. In other words, we may write that i¢ is 
approximately equal to ip. It is for the purpose of 
making the base current as small as possible that 
the base region is made very narrow and its 
impurity concentration, which determines the 
hole concentration, is kept low. In either case, 
fewer electrons will be available in the base to 
recombine with holes. 

If the base were broad and its hole concentra- 
tion were high, the greater proportion of the 
electrons that constitute the emitter current 
would, on diffusing across the base, recombine 
with holes and would fail to reach the collector 
junction. The collector current would not prac- 
tically be augmented by the electrons supplied 
by the emitter, and only the base current would 
show some increase. 

When no voltage is impressed on the emitter 
junction, practically no current is flowing across 
it. In the circumstances, the collector junction 
presents a high resistance to direct current 
because the majority carriers move away from 
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the junction, and depletion layers are produced 
on either side of the boundary. Only a very small 
reverse current is then flowing across the collec- 
tor junction due to the minority carriers in one 
region moving towards those from the other, 
that is, electrons from the p-region and holes 
from the n-region. 

If, however, the impressed input voltage pro- 
duces a substantial emitter current, the emitter 
will inject into the base a certain number of 
electrons which are minority carriers for that 
region. Since they have no time to recombine 
with holes as they diffuse through the base, they 
reach the collector junction. The greater the 
emitter current, the greater the number of 
electrons reaching the collector junction, and 
the lower its resistance. The collector current 
rises in proportion. In other words, a rise in the 
emitter current brings about an increase in the 
concentration of minority carriers injected from 
the emitter into the base. As a consequence, the 
increase in the number of these carriers leads to 
a rise in the collector current ic. 

As will be recalled, we use the term ‘emitter’ 
(which is short for ‘emitter region’) in order to 
stress the fact that it is responsible for the 
injection of electrons through the emitter junc- 
tion into the base. The reference to ‘injection’ is 
important so that we could tell this process from 
electron emission as it occurs in a vacuum or 
a rarefied gas and produces free electrons. 

To follow the above definition, we apply the 
name ‘emitter’ to a transistor’s region whose 
purpose is to inject carriers into the base. The 
name ‘collector’ is assigned to the region whose 
purpose is to extract carriers from the base. The 
base is the region into which the emitter injects 
the carriers that are minority carriers for that 
region. 

It should be noted that the emitter and the 
collector may exchange places (the inverted 
mode of operation). However, the collector 
junction ofa transistor is, as a rule, larger in area 
than its emitter junction because it has to be able 
to dissipate substantially more power than the 
emitter junction. Therefore, if one chooses to use 
the emitter as a collector, the transistor would be 
operable, but at an appreciably lower power 
level, which is unattractive. If the two junctions 
are made the same in area (as is the case with 
symmetrical transistors), any of the outer regions 
may equally well be used as the emitter or as the 
collector. 
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Since in a transistor the emitter current is 
always the sum of the collector and base cur- 
rents, the incremental change in emitter current 
must likewise be always equal to the sum of the 
incremental changes in collector and base cur- 
rents: 


Ai, = Aig + Aig (4-3) 


An important property of transistors is that 
their currents are connected by an almost linear 
relation or, in simpler words, the three currents 
of a transistor vary in an approximate propor- 
tion to one another. Let us take as an example 
ig = 10 mA, ic = 9.5 mA, and i, = 0.5 mA. If the 
emitter current goes up by, say, 20% to become 
equal to 10 + 2 = 12 mA, the remaining two 
currents will rise likewise by 20% so that 
ig = 0.5+ 0.1 =0.6 mA and ip =9.54 1.9 = 
= 11.4 mA. This happens because the equality 
defined in Eq. (4-2) must always be satisfied, that 
is, 


12 mA = 11.4mA+0.6 mA 


For the incremental changes in the currents, the 
equality defined in Eq. (4-3) holds, that is, 


2mA = 1.9 mA + 0.1 mA 


We have examined physical processes occur- 
ring in the n-p-n type of transistor. But every- 
thing said fully applies to the p-n-p type except 
that its electrons and holes exchange their roles 
and the polarity (sign) of the voltages and 
currents are reversed (Fig. 4-25). In a p-n-p 
transistor, instead of electrons the emitter injects 
into the base holes which are minority carriers 
for that region. As the emitter current rises, 
a progressively greater number of such holes 
move through the base towards the collector 
junction. This brings down its resistance and 
raises the collector current. 

The operation of a transistor can readily be 
visualized by reference to the potential diagram 
shown in Fig. 4-3 for an n-p-n transistor. This 
diagram can conveniently be used to build 
a mechanical model of a transistor. The emitter 
potential is taken as the datum or reference 
(zero) potential. There is a low potential barrier 
in the emitter junction. The greater the emit- 
ter-base voltage, vg,, the lower this barrier. The 
potential difference across the collector junction 
is substantial, and it accelerates the electrons. In 
our mechanical model, balls replace electrons; 
owing to their inherent velocity, they climb the 
hill which models the emitter junction, pass 
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through the region simulating the base of a 
transistor, and roll at an ever increasing velocity 
(that is, are accelerated) down the slope which 
simulates the collector junction. 

In addition to the processes we have just 
discussed, some other events take place in 
a transistor that must be taken into account. 

The performance of a transistor is materially 
affected by the base resistance rgo*, that is the 
resistance that the base presents to the base 
current, ij. This current flows to the base 
electrode in a direction which is at right angles 
to the direction from the emitter to the collector. 
Because the base is very thin, its resistance seen 
looking from emitter to collector, that is, to ig, is 
very small and is usually neglected. In the 
direction of the base electrode, however, the 
base resistance, rg9, runs into hundreds of ohms 
because in this direction the base acts similarly 
to a very fine conductor. The voltage across the 
emitter junction is always lower than vp, be- 
cause some of the applied voltage is dropped 
across the base resistance. If we take rg, into 
account, a d.c. equivalent circuit for a transistor 
may be drawn up as shown in Fig. 4-4. In this 
diagram, rpg is the emitter resistance which 
includes the resistance of the emitter junction 
and the resistance of the emitter region. Low- 
power transistors have rp, running into tens of 
ohms. This is because the voltage across the 
emitter junction does not exceed a few tenths 
of a volt while the emitter current in such 
transistors is several milliamperes. Higher-po- 
wer transistors have greater values of igo 
and proportionately smaller values of go. 
Approximately, rg; can be found (in ohms) by 
the following equation: 


Teo = 25/ig 


where i, is in milliamperes. 

The collector resistance rg is practically that 
of the collector junction and may be as high as 
a few kilohms to tens of kilohms. It also includes 
the resistance of the collector region, but it is 
negligibly small. 

The equivalent circuit in Fig. 4-4 is a very 
approximate one because in an actual transis- 
tor, the emitter, base and collector are in contact 
at a multiplicity of points over the entire area of 
the junctions. Still, this equivalent circuit may be 


(4-4) 


* Here and elsewhere, the zero (0) in a subscript 
indicates that the quantity involved is considered 
under conditions of direct-current flow. 


Fig. 4-3 


Fig. 4-4 
D.C. equivalent circuit of a transistor 


used when examining many processes that oc- 
cur in transistors. 

When the voltage applied to the collector 
junction is raised, what is known as the ava- 
lanche multiplication of carriers takes place, 
mainly due to impact ionization. This effect 
coupled with tunnelling may ultimately result in 
an electric breakdown. If the current is allowed 
to build up without bound, the electric break- 
down may terminate in a thermal breakdown. 

A change in the voltage existing across the 
collector and emitter junctions is accompanied 
by a change in the width of the junctions. In 
turn, this produces a change in the base width. 
This is known as base width modulation. It 
becomes a vital factor when there is an increase 
in the collector-base voltage-this leads to an 
increase in the width of the collector junction 
and a decrease in the base width. Should the 
base be too narrow, the collector junction may 
spread as far as the emitter junction and the two 
will make electrical contact with each other —it 
is then said that a punch-through (or a reach- 
through) has occurred. The base region then 
disappears altogether, and the transistor ceases 
operating as it should. 

When the carrier injection from the emitter 
into the base is increased, the minority carrier 
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concentration and charge in the base are increa- 
sed, too, owing to what is known as carrier 
storage. Conversely, a reduction in the carrier 
injection will cause the stored charge to be 
removed from the base because both the mino- 
rity carrier concentration and the minority 
carrier charge will then be brought down. 

In some cases it is important to consider the 
flow of leakage currents over the surface of 
a transistor as it is accompanied by carrier 
recombination in the surface layer of all the 
regions of the device. 

Let us establish the relations that exist be- 
tween the currents flowing in a transistor. The 
emitter current is controlled by the voltage 
existing across the emitter junction, but the 
current reaching the collector is somewhat 
smaller in value—it may be called the controlled 
collector current, ic,. This happens because some 
of the carriers injected from the emitter into the 
base recombine. Therefore, 


(4-5) 


where a is the emitter-to-collector current gain 
of a transistor connected in a common-base 
circuit (also called the alpha current factor or the 
common-base forward-current transfer ratio). It 
may range in value from 0.950 to 0.998. That is, 
for a junction transistor it is always less than 
unity. It tends to approach unity with fewer 
injected carriers in the base recombining. 
There is one more, very small current (not 
over a few microamperes) always flowing across 
the collector junction, symbolized as ic¢g (Fig. 
4-5). It is called the reverse collector leakage 
current. It is defined as the minimum current 
that will flow in the collector circuit of a 
transistor with zero current in the emitter 
circuit. Thus the total collector current is 


log = Olg 


(4-6) 


The reverse collector leakage current may be 
called an uncontrolled reverse current because it 
does not flow across the emitter junction. 

In many cases, icg is a negligible fraction of i, 
so we may take it that i, is approximately equal 
to ai,. When measuring igo, the emitter circuit is 
opened. As follows from Eq. (4-6), when i, = 0, 
ic = icg: 

Let us re-write Eq. (4-6) so that ig is a 
function of ig. On replacing i, with the sum 
ic + ip, we get 


ig = Aig + ip) + cg 


ic = Oleg + icg 


Fig. 4-5 
Currents in a transistor 


On solving the above equation for i,, we obtain 
ig = iga/(1 — &) + igg/(1 — a) 

On denoting 
a/1—a)=f68 and 
we may finally write 
ic = Big + iceo (4-7) 


where B is the beta current gain factor or the 
current transfer ratio or gain of a transistor 
connected in a common-emitter circuit. It is 
always greater than unity and practical values 
up to 500 are often used. 

It is interesting to compare how changes in 
a affect the value of B. For example, if a = 0.95, 
then 


B = a/(1 — a) = 0.95/(1 — 0.95) 
= 0.95/0.05 = 19 


If a = 0.99, which means an increase of 0.04 in 
its value, then 


B = 0.99/(1 — 0.99) = 0.99/0.01 = 99 


Thus, B increases more than five-fold. In other 
words, even minor changes in a lead to great 
changes in B. Similarly to a, B isa very important 
parameter of transistors. If we know B, we can 
always find a by the equation 


a = BI + B) 


ico/(1 — &) = icgo 


(4-8) 
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The current igo is the reverse emitter current 
when the base is open, that is, when i, = 0. It 
flows through all the three regions and the two 
junctions of a transistor. Thus, as follows from 
Eq. (4-7), if we set i, to zero, we will get ic = ioxg. 
This current runs into tens or even hundreds of 
microamperes and greatly exceeds the reverse 
collector leakage current icg. More specifically, 


icgo = ico/(l — a) 


Therefore, if we know that a/(1 — a) = B, itis an 
easy matter to find that 


iczo = (B + Nico 


Also, since f is substantially greater than unity, 
we get 


(4-9) 


The high value of icgg is due to the fact that 
a small fraction of uc, is applied to the emitter 
junction in the forward direction. In conse- 
quence, there is a rise in the emitter current 
which is, in this case, icgo. 

When tc, rises too high, i¢¢g May go up 
abruptly and bring about an electric break- 
down. If Ugg is not too low and the base circuit is 
open, a cumulative build-up of current may 
occur, leading to an excessive temperature rise 
and causing the transistor to fail (unless there is 
a current-limiting resistor in the collector lead). 
The events taking place may be summed up as 
follows. Some of the collector-to-emitter volt- 
age, Ucp, Causes a rise in i, and in ic which is 
equal to it, more carriers reach the collector 
junction, its resistance and the voltage across it 
go down, leading to a higher voltage across the 
emitter junction, and this in turn gives rise to 
a further increase in the current, and so on. To 
avoid this occurrence, the base circuit of a 
transistor may never be opened in operation, 
unless its collector supply voltage has been 
turned off. Also, the base supply voltage must be 
turned on first and the collector supply voltage 
afterwards — never do this the other way around. 

When a need arises to measure icg¢o, place 
a current-limiting resistor in the collector lead 
and open the base circuit. 


icko © Bico 


4-3 Amplification by a Transistor 


Figure 4-6 shows the circuit diagram of an 
amplifier stage using an n-p-n transistor. This 
circuit is known as the common-emitter configu- 


Fig. 4-6 


Connection of a transistor in an amplifier stage (the 
common-emitter configuration) 


ration (see Sec. 4-4) because the emitter is 
common to both the input and output circuits of 
the stage. The input voltage to be amplified is 
applied from a signal source, SS, across the 
emitter junction. The base also receives a posi- 
tive bias voltage from a bias source E£;; this is the 
forward voltage for the emitter junction. As a 
result, a current is caused to flow in the base 
circuit and, in consequence, the input resistance 
of the transistor acquires a relatively low value. 
To prevent some of the input a.c. voltage from 
being dropped across the internal resistance of 
the signal source, the latter is shunted by 
a capacitor C, which has a relatively high 
capacitance. Its value is chosen so that its 
impedance is a very small fraction of the tran- 
sistor’s input resistance at the lowest operating 
frequency. 

The collector circuit (that is, the output 
circuit) is energized from another source, E). 
The amplified output voltage is taken off a load 
resistance, R,;. The £, source is shunted by 
a capacitor, C,, so as to prevent some of the 
amplified voltage from being lost across the 
internal resistance of the E, source. At the 
lowest operating frequency, the impedance pre- 
sented by this capacitor must be a very small 
fraction of R,. In our further discussion we will 
omit the capacitors C, and C, of the £, and £, 
sources from the diagram so as to make it 
simpler to read. It may be presumed that they 
exist inside the £, and £, sources themselves. If 
these sources are rectifiers, they will always 
contain high-value capacitors in order to 
smoothen the pulsations. 

A transistor amplifier stage operates as fol- 
lows. Let the collector circuit be represented by 
the equivalent circuit of Fig. 4-7. The collector 
supply voltage E, is divided between the load 
resistance R, and the internal resistance ry of the 
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transistor which it presents to the direct collec- 
tor current. This resistance is approximately 
equal to the resistance rc, that the collector 
junction presents to direct current. Actually, to 
this resistance r¢g we ought to add the low 
resistances of the emitter junction and of the n- 
and p-regions, but they may be neglected. 

When the signal source connected to the 
input circuit is turned on, its voltage causes the 
emitter current to vary. This brings about 
changes in the d.c. resistance of the collector 
junction, rco. In consequence, the collector 
supply voltage F, is re-distributed between R, 
and rep in such a way that the a. c. voltage across 
the load resistor may be tens of times greater 
than the input a.c. voltage. Variations in the 
collector current are nearly equal to variations 
in the emitter current and are many times as 
great as the changes in the base current. For this 
reason the circuit we are discussing produces an 
appreciable current amplification and a very 
large amplification of power. The amplified 
power is part of the power supplied by the 
collector supply voltage E). 

For better insight into the matter, we will 
trace the operation of the transistor amplifier 
stage by taking a numerical example. Let £, = 
= 0.2 V, E, = 12 V,and R, = 4kQ. Also let the 
d.c. transister resistance r, in the no-signal 
condition be equal likewise to 4 kQ, so that the 
total resistance of the collector circuit is 8 kQ. 
Then the collector current which may appro- 
ximately be taken equal to the emitter current 
will be 


io = E,/(Ry, + 1) = 12 +8 = 1.5 mA 


The collector supply voltage FE, will be divided 
into two equal parts, and the voltages across R,, 
and ry will each be equal to 6 V. 

If the signal source supplies an a.c. voltage 
with an amplitude of 0.1 V, the maximum 
voltage between the base and the emitter during 
the positive half-cycles will be 0.3 V. Suppose 
that this voltage causes the emitter current to 
rise to 2.5 mA. The collector current will practi- 
cally rise to the same value. It will produce 
a voltage drop of 2.5 x 4 = 10 V across the load 
resistor, and the voltage drop across the tran- 
sistor resistance rg will fall to 12 — 10 = 2 volts. 
In consequence, this resistance will fall to 
2+2.5=0.8 kQ. During the negative half- 
cycles, when the signal source supplies a voltage 
of — 0.1 V, a reverse chain of events will take 


E2 
+ 


Fig. 4-7 


Collector equivalent circuit of a transistor amplifier 
stage 


Fig. 4-8 
Amplification by a transistor 


place. The minimum emitter-to-base voltage 
will become 0.2 — 0.1 = 0.1 V, the emitter and 
collector currents will fall to 0.5 mA each, the 
voltage drop across R, will go down to 0.5 x 
x 4 =2 V and that across rp will rise to 10 V, 
thereby implying that this resistance has risen to 
10 + 0.5 = 20 kQ. Thus, feeding an a.c. voltage 
with an amplitude of 0.1 V to the transistor 
input causes ry to change from 0.8 to 20 kQ, 
while the voltages across the load resistor and 
across the transistor change by 4 V either way 
(from 10 to 2 V). Therefore, the amplitude of the 
output voltage is 4 V which is 40 times the input 
voltage. (This is an approximate figure because 
actually a nonlinear relation exists between 
collector current and input voltage.) 

Changes in the voltages and currents involved 
in our example are illustrated in the plots of 
Fig. 4-8. These plots correspond to the fol- 
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lowing equations: 
— Input voltage: 


Vin = Vn in SIN OF 
— Base-emitter voltage: 
Use = Veco + Vn pe Sin or 


where V,, pr = Vain 


— Collector current: 

ig =Icg + I, c Sin wt 

— Load voltage: 

Vp = Vao + Ving Sin wt 

where Vn = Ve out = Vacw =ImcRi 
Vro = Ico Ri 


— Output voltage: 


Vout = Uce = Vero — Vince SIN OF 


where Vogg = E2 — Vago. 


4-4 The Basic Circuit Configurations of 
Transistors 


The three basic circuit configurations into 
which a transistor may be connected are the 
common-emitter circuit, the common-base circuit, 
and the common-collector circuit. 

In each case one of the electrodes is common 
to the input and output of a stage. To avoid 
confusion, it should be remembered that we use 
the terms ‘input’ and ‘output’ as referring to the 
points between which the input and output a.c. 
voltages exist, and not the d.c. supply voltages 
used by the device. 

The three circuit configurations have the 
following abbreviations: CE, CB, and CC. 
Sometimes, the term “common” is replaced with 
the term “grounded” (for example, a grounded- 
base circuit), although grounding will not 
always be provided. 

The three types of circuit amplify signals by 
the same principle, of course, but they differ in 
some properties and so they should be discussed 
in detail separately. 

The common-emitter (CE) connection. This 
configuration shown in Fig. 4-6, is the most 
commonly used one because it gives the largest 
power amplification of all. 

The current gain of such a stage, k,, is the ratio 
between the peak (or rms) values of output and 
input alternating currents, that is, the a.c. 


components of collector and base currents: 
ky = In out/E min = Tnc/line (4-10) 


Because the collector current is tens of times 
as great as the base current, k, has a value of 
several tens. 

The amplifying properties of a transistor with 
the common-emitter connection are stated in 
terms of one of transistors’ principal parame- 
ters—the beta current gain factor, B, also known 
as the static common-emitter forward-current 
transfer ratio. Because it characterizes only the 
transistor itself, it must be measured with the 
load disconnected from the amplifier stage 
(R,, = 0), that is, at a static (direct) collector- 
emitter voltage: 


B = Ai,/Ai, with ve, held constant (4-11) 


As already noted, 8 may practically be as high 
as several hundreds. The stage current gain k,, 
however, is always smaller than B because 
bringing the load resistance R, into circuit 
reduces the collector current, ic. 

The stage voltage gain, k,, is defined as the 
ratio between the peak or rms values of output 
and input a.c. (or signal) voltages. The input 
signal is that between base and emitter, v,,; and 
the output signal is the alternating voltage 
appearing across the load resistor, vp, or, which 
is the same, that between collector and emitter, 
oR! 
ky = Vn out/Vnin = Var/ Vinge = Vince! Vino 

(4-12) 

The emitter-to-base voltage does not exceed 
a few tenths of a volt, while the output voltage 
across a sufficiently high load resistance and 
a sufficiently high E, supply voltage may run 
into units of volts or even higher. Therefore, k,, 
ranges from tens to several hundreds. 

It follows, therefore, that the stage power 
gain, kp, may range from several hundreds to 
tens of thousands. This gain factor is calculated 
by dividing the output power by the input 
power. Each is equal to half the product between 
the amplitudes of the respective currents and 
voltages: 


Pout = Lie out Vin out/2 = Inc Vince/2 (4-13) 
Pin = I min Vn in/2 = Ip View /2 (4-14) 
Therefore, 
kp =a Pou! Pin >= J aout Vecout/ tein Vin in 

=kyky (4-15) 
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An important quantity characterizing a tran- 
sistor is its input resistance Rj, which is found by 
Ohm’s law. For a CE connection it is 


(4-16) 


and ranges from hundreds of ohms to several 
kilohms. 

This stems from the fact that with V,,,, equal 
to a few tenths of a volt the base current J,,, of 
low- and medium-power transistors may be as 
small as a few tenths of a milliampere. For 
example, if V,,,3, = 200 mV and I,,, = 0.4 mA, 
then R;, = 200 + 0.4 = 500 Q. As is seen, the 
input resistance is relatively small. This is a 
major disadvantage of bipolar transistors. As 
will be shown later, the output resistance of 
a transistor connected in a common-emitter 
circuit is from units to tens of kilohms. 

A CE transistor amplifier stage inverts the 
phase of the signal voltage — the phase difference 
between the input and output voltages is 180°. 
To prove this, let us see how the circuit shown in 
Fig. 4-6 operates. In this and the subsequent 
figures the polarities of the d.c. potentials are 
labelled with an encircled plus sign so that they 
could not be confused with alternating poten- 
tials. The direct collector current produces ac- 
ross the load resistor a voltage drop such that 
the “ — ” terminal is at the top end of the resistor 
(as it appears in the figure). Let the transistor’s 
input (base) accept a positive half-cycle of 
voltage as shown in Fig. 4-6. This voltage is 
added to £,, and the voltage across the emitter 
junction, Vg,, goes up. This brings about an 
increase in the emitter current and, as a con- 
sequence, in the collector current. Asa result, the 
voltage drop across the load resistor is increased 
because in addition to a d.c. voltage across R, 
there appears an a.c. voltage of the same 
polarity. In this way, a negative half-cycle of 
voltage appears at the output. 

An advantage of the common-emitter con- 
nection is that it needs only one supply source 
because the collector and the base are energized 
with supply voltages of the same polarity. 

A drawback of the CE connection in compa- 
rison with the common-base (CB) circuit is an 
impairment in the frequency and temperature 
properties. As the signal goes up in frequency, 
the gain of the CE circuit falls off in a greater 
proportion that it does in the CB circuit. The 
operating currents and voltages of the CE 
circuit are heavily dependent on temperature. 


Rin = mind lm in = mBE/ | mp 
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Fig. 4-9 


Connection of a transistor in a common-base (CB) 
circuit 

The effects of frequency and temperature will be 

examined in more detail in Chap. 6. 

The common-base (CB) connection. Al- 
though this circuit configuration (Fig. 4-9) 
yields a substantially lower power gain and has 
a still lower input resistance than the CE 
connection, it is used sometimes all the same 
because it compares favourably with the CE 
connection with regard to frequency and tem- 
perature (see Chap. 6). 

The current gain of a CB stage is always 
slightly less than unity: 


ky = InclLme © 1 (4-17) 


because the collector current is always only 
slightly smaller than the emitter current. 

We have already defined the common-base 
forward-current transfer ratio of a transistor, 
also known as the static alpha current gain 
factor, a. We have also stressed that the alpha 
current gain factor (or the static current gain) of 
a transistor connected as a CB amplifier is 
measured with its load disconnected, R, = 0, 
that is, with the collector-to-base voltage held 
constant: 


(4-18) 


We have also noted that the alpha current gain 
factor is always less than unity and that the 
closer it is to unity, the better the performance of 
the transistor. The stage current gain k, of the 
common-base connection is always somewhat 
smaller than the alpha current gain factor 
because bringing R, into circuit reduces the 
collector current. 

The voltage gain of a CB stage is defined as 


ky pa Vince/ VinEB (4-19) 
It is the same in value as in the CE connection, 


that is, it ranges from tens to hundreds. This 
cannot be otherwise because if the CE circuit 


a = Ai, /Ai, with vgg held constant 


Ch. 4. Bipolar Transistors 63 


and the CB circuit use the same type of transis- 
tors, the same input (signal) and supply volt- 
ages, and the same load resistances, the collector 
current will likewise be practically the same, and 
so the output voltages will be the same too. 
Because the power gain kp is the product of 
current and voltage gains, k,ky, and k, is 
approximately equal to unity, it follows that kp 
is about the same as k,, that is, its value ranges 
from tens to hundreds. 

The input resistance of a CB amplifier stage is 


(4-20) 


It is by a factor of several tens smaller than in the 
CE connection. This naturally stems from the 
fact that V,,¢, is equal to V,,3, while J,,,; is tens of 
times the value of I,,,. For the CB connection, 
Rin is only several tens of ohms while for CB 
circuits using high-power transistors it is even 
a few ohms. Such a small input resistance is 
a major limitation of the CB configuration. Its 
output resistance, as will be shown later, may be 
several hundred kilohms. 

The CB circuit does not reverse the phase of 
the input voltage, so there is no phase difference 
between the input and output voltages. This can 
be proved by reasoning along the same lines as 
in the case of the CE connection. Figure 4-9 
shows that during the negative half-cycles of 
input (signal) voltage the emitter and collector 
currents increase in value, giving rise to a greater 
voltage drop across the load resistance, that is, 
to a higher negative half-cycle of output voltage. 

It is worth while mentioning that a CB 
amplifier corrupts the signal substantially less 
than a CE amplifier. 

The common-collector (CC) connection. In 
this configuration (Fig. 4-10) the collector is 
a true common point for the input and output 
circuits because the £, and £, sources are 
always shunted by high-value capacitors and it 
is legitimate to visualize them as virtual short- 
circuits for alternating current. A distinction of 
this configuration is that all of the output 
voltage is fed back to the input—it is said that 
a very large amount of negative feedback is used. 
It is an easy matter to see that the input voltage 
is the sum of the alternating base-to-emitter 
voltage, vgr, and the output voltage: 


Rin = mEB/ L mE 


(4-21) 


The current gain of a CC circuit is about the 
same as that of the CE connection—it has 


Vin = Upe + Vout 


Fig. 4-10 


Connection of a transistor in common-collector (CC) 
circuit 


a value of several tens. To demonstrate, 


k, = Tne / 1 me = Cnc a Tnp)/1 mp = Incl Tne zy ] 
(4-22) 


and the ratio I,,¢/I is the common-emitter 
forward-current transfer ratio or current gain. 

In contrast, the voltage gain is very close to, 
but always less than, unity: 


ky = Vin out/ Ven in = Vi out/(Vinse + Vi out) <i 
(4-23) 


The value of V,,,, is a few tenths of a volt, and 
that of V,, ou is several volts so that Ving < 
< V,, out- In consequence, ky is approximately 
equal to unity. 

It is to be noted that the alternating (signal) 
voltage applied to the input of the transistor is 
amplified tens of times, as is the case with the CE 
connection, but the stage as a whole does not 
produce amplification. Obviously, the power 
gain is about equal to k,, that is, to several tens. 

If we look at the polarities of the a.c. voltages 
existing in the CC circuit, we will see that no 
phase shift is introduced between voy, and Ujy. 
Let, for example, the CC stage accept at some 
instant of time a positive half-cycle of input 
voltage vj,, aS Shown in Fig. 4-10. This will 
bring about a rise in vg, and in the emitter 
current, with the latter leading to a greater 
voltage drop across the load resistor. In conse- 
quence, the output of the stage will produce 
a positive half-cycle of voltage which is in phase 
with the input voltage and nearly equal in 
magnitude to it. In other words, the output 
voltage follows the input voltage. Quite aptly 
this circuit configuration is alternatively called 
the emitter follower. The term ‘emitter’ is inclu- 
ded in the name of the stage because the load 
resistor is placed in the emitter lead and the 
output voltage is picked off the emitter (with 


Phase difference between 
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Table 4.1 


LEADING PARTICULARS OF THE BASIC TRANSISTOR CONNECTIONS 


Parameter CE 

ky Tens to hundreds 

ky Tens to hundreds 

kp Hundreds to tens of 
thousands 

Rin Hundreds of ohms to se- 
veral kilohms 

R Several to tens of kil- 


ohms 
180° 
Vour and Vi, 


0 


respect to chassis ground). 

The input resistance of a CC amplifier stage is 
tens of kilohms, and this is an important advan- 
tage of this circuit configuration. Thus, 


Rin = Von Salli in (Vinge + Vir out)/T mp (4-24) 


The ratio V,,5¢/J,,, 18 the input resistance of the 
transistor itself connected in a common-emitter 
circuit, which, as has been noted, is several 
kilohms. Since, however, V,, out 1s tens of times 
the value of V,,,,, it follows that Rj, is tens of 
times the value of the input resistance in the CE 
circuit. On the contrary, the output resistance of 
a CC stage is relatively small, usually several 
kilohms or even hundreds of ohms. 

Because the CC connection is not a very 
common occurrence, we will limit our further 
discussion to the CE and CB connections. 

For ease of comparison, the basic properties 
of the three circuit configurations for bipolar 
transistors are summarized in Table 4-1. 


4-5 Bias Supply and Temperature 
Compensation for Transistors 


It is usual to employ a single source, that of 
the output circuit,* to energize a transistor 
stage. For the transistor to operate normally, it 
is essential that a d.c. voltage of a few tenths of 
a volt, known as the base bias voltage, be 
maintained between the emitter and base. 

On passing across the emitter junction, the 
emitter current produces a voltage drop across 
it, but this drop is not enough to make the 


* As agreed earlier, this source will be designated 
as E,. 


CB cc 


Tens to hundreds 
Slightly less than unity 
Tens to hundreds 


Slightly less than unity 
Tens to hundreds 
Tens to hundreds 


Tens to hundreds of kil- 
ohms 
Hundreds of kilohms to Hundreds of ohms to se- 
several megohms veral kilohms 
0 0 


Units to tens of ohms 


transistor operate normally. Therefore, unless 
an additional bias voltage is applied, the cur- 
rents will be too small. This additional bias 
voltage is tapped from the collector supply 
source with the aid of a resistor or a divider. 
Figure 4-11 illustrates how the bias voltage is 
derived in several typical cases. 

In a CE stage (Fig. 4-lla), the direct base 
current Ig. flows through a resistor R across 
which nearly all of the £, supply voltage is 
dropped. Only a very small proportion of E£, is 
dropped across the emitter junction and serves 
as the base bias voltage: 


Vero = £2 — Igo R (4-25) 


It is an easy matter to derive the value of 
R from the above equation: 


R = (E, — Vero)/Ino (4-26) 


As a rule, Vgpo < E, and R is approximately 
equal to E,/Igo. 

Figure 4-11b shows how the bias voltage is 
derived with the aid of a divider R,R, in a CE 
stage. Here, the greater proportion of E£, is 
dropped across R,, and the smaller part, serving 
as the bias voltage Vgp9 is dropped across R, 


Fig. 4-11 
Base biasing circuits of a transistor 
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which is placed in shunt with the transistor 
input. The values of R, and R, can readily be 
calculated by the equations 


R, = (E, — Vpgeo)/ay + Ip) © £2/Uay + Jp) 
R,= Varo/lav (4-27) 


where Ig, is the current flowing through the 
divider. 

It is a fairly common practice to derive 
voltage bias by means of a divider, but this 
method is wasteful of power because the source 
has to sustain an additional current, Jy,, which 
is uselessly dissipated as heat in R, and R,. Also, 
there is a marked decrease in the input resistance 
of the stage because in the circuit in question R, 
is placed in shunt with the transistor input. 

For bias voltage to be more stable, it is 
desirable that the divider current Ij, be as high 
as practicable. Then the division of voltage 
among the divider resistors will depend only 
slightly on the base current flowing through one 
of them. To save the power supplied by the 
source, however, it is usual to set Jy, at a value 
which is only 3 to 5 times the value of I). The 
d.c. blocking capacitor C,, serves to pass the a. c. 
voltage to be amplified to the transistor input. 
The capacitance of C, at the lowest operating 
frequency is chosen to be sufficiently small so as 
to minimize the voltage drop across the block- 
ing capacitor. More often, C,, is chosen to have 
a capacitance of several microfarads or tens of 
microfarads. For this reason, C, in low-frequen- 
cy circuits is usually a small-sized electrolytic 
capacitor. In the circuits of Fig. 4-1laand b, the 
d.c. blocking capacitor, as its name implies, 
blocks the passage of direct current to the 
transistor input, if this is present in the signal 
voltage. There is another reason for provision of 
C,. Without it and with a signal source of low 
internal resistance, the base and emitter would 
be short-circuited for d.c., and Vgp9 would be 
close to zero. The value of C, is calculated 
proceeding from the requirement that the reac- 
tance 1/wC,, at the lowest operating frequency 
must be a small fraction of the input resistance of 
the transistor: 


1/,C, 2 Ris (4-28) 


Then the voltage drop across Cj, will be kept to 
a low level. In practice it will suffice to satisfy the 
following condition: 


1/@,Cy < 0.1 Rin (4-29) 


Hence, 
Cy, > 10/@,R;, (4-30) 


If C, is in microfarads, the design equation will 
have the form 


Cy > 10 x10°/2n/,R,,, (4-31) 


Here, w, and f, refer to the lowest operating 
frequency in angular units and in hertz, respec- 
tively. 

For a circuit using a divider, the R,,, of the 
transistor in the equation must be replaced with 
a resistance Rj, which is equivalent to R;,, and 
R, connected in parallel, that is, 


Rin = RinRo/(Rin a R,) (4-32) 


The capacitance of the capacitor C placed in 
shunt with the £, source should be found by an 
equation similar to (4.31): 


C>10 x 10°/2nf,R, (4-33) 


where f, is the lowest operating frequency and R,, 
is the load resistance. If the condition defined in 
Eq. (4-33) is satisfied, practically all of the 
output voltage will be developed across R, , and 
its fraction lost across E, will be small. 

An important limitation of transistors is 
a marked change in their characteristics with 
temperature. An increase in temperature brings 
about a rise in currents so that the operating 
conditions of the transistors become other than 
normal. This undesirable occurrence can be 
controlled by any one of several methods whose 
objective is to compensate for the temperature 
effect and to stabilize the operating conditions. 
The circuit using a transistor (or transistors) is 
extended to include compensating elements or 
circuits so that the operating conditions could 
be maintained more or less constant in the face 
of variations in ambient temperature or secon- 
dary to the replacement of the transistor. It 
should be remembered, however, that these 
compensation circuits can only stabilize the 
operating point but cannot cancel the effect of 
temperature on the properties of a transistor 
and on the processes that take place in it. 
Therefore, changes in temperature do bring 
about changes in transistor parameters. Thus, 
we can remove the detrimental consequences of 
the temperature effect only in part. 

Figure 4-12 shows the most commonly used 
simple compensation schemes for the CE con- 
figuration which is sensible to variations in 
temperatue most of all (see Chap. 6). In what is 
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known as the collector temperature-stabilized (or 
temperature-compensated) scheme, the resistor 
R intended to provide the necessary base bias is 
connected to the collector rather than to the E, 
source as in the circuit of Fig. 4-lla. If heat 
build-up or a transistor replacement should 
cause a rise in ic, the voltage drop across R, will 
also increase and the voltage Vo, will fall in 
proportion. This will however bring about a 
decrease in V,, and this will lead to a decrease 
in ic. In this way, the collector current is 
simultaneously changed in opposite senses so 
that its net value remains nearly constant. 

The form of temperature compensation we 
have just discussed is simple and economical but 
its efficacy is good only if the voltage drop across 
the load resistor accounts for not less than half 
of the supply voltage E,. Also, this scheme 
entails a degradation in amplification because 
some of the amplified voltage is fed back via the 
resistor R to the transistor input in anti-phase 
with the signal voltage to be amplified. This is in 
effect negative voltage feedback. 

The scheme shown in Fig. 4-125 is more 
elaborate and more wasteful of power. It may be 
called the emitter temperature-compensated (or 
temperature-stabilized) scheme. With it, the E, 
source must supply a somewhat greater voltage 
but in terms of compensation it is superior to the 
previous arrangement. Here the resistors R, and 
R, make up a voltage divider which provides the 
required base bias, and the resistor R,. placed in 
the emmiter lead operates as the compensating 
element. The voltage drop V; = Io R, across 
this resistor opposes the output voltage V, = 
=1,,R,. Therefore, the base bias voltage is 
Varo = V2 — Ve. The resistor R,- sets up negative 
feedback in terms of direct current. Should a 
rise in temperature cause the currents in the 
transistor to rise, the increase in I; will raise the 
emitter voltage V,, and lower the base bias 
voltage Vy.9 in proportion, thus leading to a fall 
in the currents. As a result of this simultaneous 
but opposite change, the net currents will 
change very little and the operating conditions 
will be made more stable. 

The resistor R, is placed in shunt with 
a sufficiently high-valued capacitor C, so as to 
prevent it from setting up negative feedback in 
terms of alternating current. The reactance of 
this capacitor at the lowest frequency must be 
a very small fraction of R,. As a rule, C, is an 
electrolytic capacitor with a value of tens of 
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Fig. 4-12 


Temperature compensation schemes for a transistor 
amplifier stage 


Fig. 4-13 
Collector-emitter temperature-compensation scheme 


microfarads (in a.f. amplifier stages). The emit- 
ter compensation scheme ts effective irrespective 
of R,, and its performance improves with in- 
creasing divider current Jy, and increasing 
emitter resistor R,. Since, however, V,, is part of 
E,, an excessive increase in R, would cause one 
to use a higher E,, which is a disadvantage. 
Neglecting Vj; in comparison with the other 
voltages, the resistance values for the emitter 
compensation scheme can be calculated, using 
the following approximate equations: 


R, © (E, — Ve) po + Lay) 
R, © Vz/Igy 
Ry = Vz/Tg0 


A further requirement is to choose the value of 
V, in view of the likely increase in E,. The 
divider current is usually anywhere between 
three to five times Igo. 

As an alternative, the two temperature com- 
pensation schemes may be used together —this 
will improve compensation still more 
(Fig. 4-13). 

In many cases, temperature compensation is 
not mandatory because a highly stable gain is 
not essential. 


(4-34) 
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A single supply source and temperature com- 
pensation may be used also when transistors are 
connected in CB or CC circuits. 


4-6 Transistors in Amplifiers 
and Oscillators 


We discuss simple circuits which illustrate the 
use of transistors in amplifiers and oscillators. 

A transistor amplifier stage may have its 
output connected to any one of several types of 
load. If the load is a resistor, as has been shown 
in the previously discussed cases, we have what 
is called a resistance-coupled stage. At low 
frequencies, it is customary to use transformer- 
coupled stages (Fig. 4-14) in which the output 
circuit is coupled to the input of the next stage or 
some other load (say, a speaker) via the secon- 
dary of a transformer. Transformer-coupled 
stages may well be used at r.f., the load often 
being a resonant circuit tuned to the operating 
frequency (Fig. 4-15). This tuned circuit passes 
the amplified signal on to, say, the next stage. 
Not infrequently, the signal source in r. f. ampli- 
fier stages is likewise an input resonant circuit. 

In the above and subsequent cases, the base 
bias voltage is fed from the E, source via a 
resistor R, and C,, is the d.c. blocking capacitor. 
Its function has been described already. 

A signal source may sometimes be connected 
via an input transformer rather than via a 
capacitor (Fig. 4-16). In this arrangement, the 
function of C, is to feed the a. c. voltage to the 
transistor input without losses across R. 

An important application is the use of tran- 
sistors in oscillators. A simple transistor oscil- 
lator employing inductive feedback is shown in 
Fig. 4-17. It operates as follows. When the 
supply voltage is turned on, a current begins to 
flow in the collector circuit and gives rise to free 
oscillations in the tuned (tank) circuit LC. 
Without a transistor, these oscillations would 
have died out because of power losses in the LC 
tank. Owing to the feedback coil L, which is 
inductively coupled to the tuned-circuit (or 
tank) coil L, the tank oscillations are fed back 
(via C,) to the transistor input. If, as a result of 
amplification, the oscillations produced in the 
tank circuit are in phase with original free 
oscillations and are sufficiently strong to make 
up for the power lost in the tank, no decay will 
take place. The tank will sustain undamped 


Fig. 4-14 


Circuit diagram of a transformer-coupled amplifier 
stage 


Cy 


Fig. 4-15 


Circuit diagram of an amplifier stage containing 
a resonant circuit 


Fig. 4-16 


Connection of a signal source to the input of 
a transistor via a transformer 


Fig. 4-17 
Simple transistor oscillator using inductive feedback 


oscillations. For the amplified oscillations to 
have the right phase and to sustain rather than 
dampen oscillations in the LC tank, a proper 
point of connection must be found for the 
feedback coil L,. 

In our examples, we have used the common- 
emitter connection for transistors. Of course, 
other circuit configurations may also be used. 
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Chapter Five 


Characteristics 
of Bipolar 


5-1 Characteristics of Transistors 


The relations between the currents obtained in 
and the voltages applied to a transistor are 
graphically presented as characteristic curves. 
When they are plotted for direct currents only 
and with no load connected to the output, they 
are called static characteristics. When they are 
plotted for a.c. and with some load connected to 
the output, we have dynamic characteristics. 
Characteristics are an important tool in inves- 
tigating the properties of transistors and in 
practical calculations of transistor circuits. 

Four quantities are always interrelated in 
a transistor. These quantities are the input and 
output currents and voltages, i,, /,, v,;, and v,. 
A single family of characteristic curves would be 
unable to depict all the likely relations. Instead, 
use is made of two families of curves. It is most 
convenient to deal with a family of input charac- 
teristics i, = f(v,) along with a family of output 
characteristics i, = f(v>). 

Each of the three basic circuit configurations 
we have examined previously has families of 
characteristics of its own. Therefore, when using 
characteristics, it is important to note to which 
circuit configuration they apply. We will exa- 
mine the characteristics applicable to the CE 
and CB configurations as they are most com- 
monly used. These characteristics are usually 
given in data sheets and other reference sources. 

Sometimes characteristic curves are plotted 
considering the fact that the voltages applied to 
and the currents obtained in n-p-n and p-n-p 
transistors differ in polarity (sign), that is, with 
negative voltages and currents laid off to the left 
and downwards from the origin. In many cases, 
however, it is convenient to lay them off to the 
right and upwards of the origin. Exactly such 
characteristics will be used in our further dis- 
cussions. The polarity of voltages applied to 
a transistor and the direction of current flow in 
its circuits are always established according to 
the type of transistor used and irrespectively of 
the manner in which its characteristics are 
constructed. 


and Parameters 
Transistors 


The input and output characteristics of a 
transistor are similar to the characteristics of a 
semiconductor diode. The point is that the input 
characteristics hold for the emitter junction 
which is always forward-biased. Therefore, they 
are analogous to the characteristic of a forward- 
biased diode. The output characteristics of 
a transistor are similar to the characteristic of 
a reverse-biased diode because they reflect the 
properties of the collector junction when it is 
reverse-biased. 

To begin with, we will examine the characte- 
ristics of a transistor connected in a CE circuit. 

Figure 5-la shows the input characteristics 
ig =f (Upp) with the output voltage held con- 
stant (vc; = const). At vg; = 0, the characteris- 
tic starts at the origin because, if all voltages are 
zero, there can be no currents flowing. 

As is seen from Fig. 5-15, when uc, = 0, that 
is, when the collector and emitter are short- 
circuited, a forward voltage equal to vg, = E, is 
applied to both junctions. In the circumstances, 
the base current is the sum of the forward 
currents crossing the emitter and collector junc- 
tions, but it is small because the forward voltage 
applied to the emitter junction is just a few 
tenths of a volt (several hundred millivolts), and 
the series base resistance rgo is hundreds of 
ohms. 

In low-power transistors, the base current is 
not over several tens or hundreds of micro- 
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Fig. 5-1 
Input characteristics of a transistor in a CE circuit 
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amperes. The characteristic we are discussing is 
similar to the usual characteristic of a for- 
ward-biased semiconductor diode. At vcy > 0, 
the curve is shifted to the right, the base current 
is reduced and becomes negative at low values of 
Upp. This is illustrated in Fig. 5-l¢ which shows 
a CE circuit with vg, =0, that is, with £, 
disconnected. In this case, the E, source pro- 
duces both the emitter leakage current i, and 
the reverse base current i,,. On combining, the 
two currents produce the reverse collector lea- 
kage current, icg = igo + ip,- It is to be noted 
that i,, produces across rgo a small voltage drop 
which is a forward-bias voltage for the emitter, 
and so it somewhat raises the reverse emitter 
leakage current ip). If we now turn on the £, 
source and gradually raise its voltage, it will 
oppose the action of £, in the base circuit. This 
will reduce i,, until it falls to zero at some value 
of vg: When £, and £, balance each other. 
A further rise in vg, will build up the positive 
base current which is, as a rule, part of the 
emitter current. 

Another cause for a reduction in base current 
with a rise in Uc, is base width modulation. The 
higher the value of vez, the greater the voltage 
across the collector junction, vcy. The width of 
the collector junction is increased and that of the 
base is decreased, and fewer carriers moving 
from emitter to collector recombine in the base. 
In consequence, i, rises and i, falls. However, 
a change in uc, (from, say, | to 10 V, as is shown 
in Fig. 5-la) affects the base current but little. 
The input characteristics plotted for several 
values of vc; are closely spaced. Reference 
sources and data sheets usually give only one 
input characteristic for the recommended value 
of ve;. As often as not, they give also a 
characteristic for vc, = 0. 

A family of output characteristics i, = f(U¢_) 
is shown in Fig. 5-2a. As a rule, these cha- 
racteristics are plotted for several values of 
direct base current. The explanation is that the 
input resistance of a transistor is relatively small 
and the source of the input a.c. voltage (the 
signal source), often having a high internal 
resistance, operates as an equivalent constant- 
current generator (the Norton equivalent). 
Therefore, it is usual to specify the input current 
of a transistor, so that calculations can con- 
veniently be made by reference to a family of 
output characteristics relating the output cur- 
rent and voltage to the input current. 


(a) 
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Fig. 5-2 
Output characteristics of a transistor in a CE circuit 


The first curve plotted for i, = 0 starts at the 
origin and looks very like the usual charac- 
teristic of a reverse-biased semiconductor diode. 
The equality i, = 0 implies that the base circuit 
is open. In the circumstances, what may be 
called the transfer collector-to-emitter current, 
iczo (Fig. 5-25), flows through the entire tran- 
sistor. 

When i, > 0, the output characteristic is 
shifted upwards and runs higher than it does at 
ig = 0. This upward shift increases with in- 
creasing i,. The increase in the base current 
signifies that a rise in Vz, brings about an 
increase in the emitter current which includes as 
one of its components the base current iy. As 
a result, there is a proportionate increase in the 
collector current as well. Owing to a linear 
relationship between the currents, the quietly 
sloping portions of adjacent characteristic cur- 
ves are spaced an about equal distance apart. In 
some transistors, however, this linearity is 
somewhat disturbed. 

Output characteristics show that as uc, rises 
from zero to some low values (a few tenths of 
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a volt), the collector current builds up at a very 
high rate while with any further increase in Uc, 
the curves have a small up-slope. This points to 
the fact that vg, only slightly affects the collector 
current. For a large increase in ig, one must 
increase the emitter current. Still, the following 
happens when vc, is raised. Because the base 
width is reduced, the base current falls and, since 
the characteristics are plotted at i, = const, one 
has to raise vy; So as to hold the base current at 
its previous value. Because of this there is a rise 
in i, and, as a consequence, in the collector 
current. A rise in uc; also entails a rise in its 
component that is applied as a forward-bias 
voltage to the emitter junction. As a result, i, 
and ig also increase. 

The characteristics in Fig. 5-2a show that 
high values of collector current lead to an earlier 
electrical breakdown, that is, a breakdown 
occurs at lower values of voz. The breakdown 
region is not the normal operating region for 
a transistor. 

Sometimes, use is made of the output cha- 
racteristics i, = f (Vc) plotted for several values 
of direct emitter-to-base voltage, vp;. It is con- 
venient to use them when the input voltage is 
known or specified in advance and the signal 
source has a low internal resistance (a small 
fraction of the input resistance of the transistor) 
so, that the source may be treated as an 
equivalent constant-voltage generator (the The- 
venin equivalent). Such a family of curves is 
shown in Fig. 5-3. Their distinction is that the 
various curves are spaced different distances 
apart. At low values of v,,. the curves run closer 
together. This is an outcome of the nonlinear 
relation between i, and vg,. As will be recalled, 
ic is approximately proportional to ig, but i, is 
a nonlinear function of vg, which is clearly seen 
from the input characteristic in Fig. 5-la. When 
Vgr = 0 the collector circuit carries a small 
reverse collector leakage current i¢g mentioned 
earlier. A substantial rise in vc; may cause an 
electrical breakdown. 

Although it will usually suffice to have the 
input and output characteristics of a transistor 
in order to design and calculate the circuit using 
it, sometimes resort is also made to control (or 
transfer) characteristics which relate i, to iz with 
Uc held constant (Fig. 5-4a) or i, = f(vg_) with 
Ucg held constant (Fig. 5-45). These charac- 
teristics clearly show that the relation between i, 
and i, is linear very nearly while the relation 
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Fig. 5-3 
Output characteristics of a transistor with its emit- 
ter-to-base voltage held constant 
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Fig. 5-4 


Transfer characteristics of a transistor connected in 
a CE circuit 


between i, and the input voltage is nonlinear. 

Changes in Uc, affect i, only slightly, and the 
control (transfer) characteristics for several va- 
lues of vce, run very closely to one another. 
Reference sources and data sheets usually give 
only one curve for some average value of uc. 
When i, = 0, a small collector-to-emitter (or 
transfer) current is flowing. When vg, = 0, there 
is a small reverse collector leakage current, igo, 
flowing. 

As we have seen, i, and ig are connected by 
a relation of the form 
ic = Big + ceo 


(5-1) 
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If we assume that B is constant, Eq. (5-1) will 
describe a straight line which is the control (or 
transfer) characteristic shown in Fig. 5-4a. Ac- 
tually, B is not a rigorously fixed quantity, so 
there is an amount of nonlinearity in this 
characteristic. 

There are also feedback characteristics, 
Ugg =JS (Ucg) With i, held constant. They show 
how changes in the output voltage at a constant 
input current affect the voltage applied to the 
transistor input. 

Transistors always have internal feedback 
due to the effect of the bulk base resistance, the 
base width modulation, and also because the 
output and input circuits are electrically con- 
nected. Therefore, a part of output voltage is 
always applied to the transistor input. The 
feedback characteristics are not used for design 
purposes, and we will leave them out of our 
discussion. They are even not given in the latest 
reference sources or data sheets. 

Now we will turn to the characteristics of a 
transistor connected in a common-base circuit. 

The input characteristics i, = f(vp,) with ugg 
held constant (Fig. 5-5) are similar to the cha- 
racteristic of a forward-biased diode because the 
emitter current is a forward current. At vc, = 0, 
the curve starts at the origin because there is no 
current flowing. At cz > 0, the curve is shifted 
somewhat upwards because the emitter current 
begins to flow and at v;, = 0 there is also the 
small reverse emitter leakage current, i-). The 
equality vg, = 0 signifies that the emitter and 
base are short-circuited. The curves plotted for 
various values of vc, run very closely to one 
another, and reference sources usually give only 
one curve for some normal value of vc,. The 
slight effect of vo, on the emitter current is 
explained by the fact that the field set up by vg, is 
concentrated at the collector junction. Still, an 
increase in Uc, produces a rise in 7, owing to the 
effect of the bulk base resistance rgo. 

It is seen from the circuit diagram of Fig. 5-Ic 
that at E, = vpp = 0, the reverse leakage base 
current ip, produces across rgo a voltage drop 
which acts as a forward bias voltage for the 
emitter junction. Therefore, there appears the 
reverse emitter leakage current i,, and (as is seen 
from Fig. 5-1c), 


leo + lpr = Ico 


An increase in uc, brings about a rise in ig,, 
and, as a consequence, there is an increase in the 
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200 mV 
Fig. 5-5 


Input characteristics of a transistor connected ina CB 
circuit 


Fig. 5-6 


Output characteristics of a transistor connected in 
a CB circuit 


voltage across rg and in the reverse emitter 
leakage current igo. If, on the other hand, the £, 
source feeds a voltage v;, such that i, is reversed, 
it will, as usual, be a part of the emitter current 
(Fig. 5-15). In the circumstances, i, produces 
across Igo a voltage drop which opposes the 
effect of E,, that is, decreases vy. An increase in 
Ucp reduces the base width and, as a result, there 
is a decrease in both i, and the voltage across 
rgo- In the final analysis, vg, goes up, and the 
emitter current also rises. 

Figure 5-6 shows a family of output cha- 
racteristics i, = f(vVcg) with i, held constant. 
They are given for constant values of i, because 
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Fig. 5-7 
Transfer characteristics of a transistor connected in a CB circuit 


the input resistance of a transistor is small and 
the signal source usually operates as an equi- 
valent constant-current generator, that is, under 
conditions approaching a short-circuit very 
nearly. At i, = 0, the curve runs through the 
origin because, with no emitter current flowing 
and at voy = 0, no collector current can flow 
either. This curve is the usual characteristic of a 
reverse-biased p-n junction (diode). The equality 
i, = 0 signifies that the emitter circuit is open. 
This in turn implies that only the collector 
junction biased in the reverse direction is 
brought in circuit. Under this condition, there is 
a current flowing which we know as the reverse 
collector leakage current, cg’ 

At some value of vg,, the collector junction 
breaks down, and there is a sudden surge in the 
collector current. 

Output characteristics plotted for several 
values of i,, are practically straight lines which 
run at a very small slope—a fact indicative of 
a very slight influence of vc, on the collector 
current. If we wish to raise i, we should raise i, 
so that more carriers could be injected from 
emitter to base. But if i, is held constant, an 
increase in Uc, produces a rise in the collector 
current mainly owing to a reduction in base 
width. As a result, fewer injected carriers re- 
combine with the majority carriers of the base 
region, but a greater number of injected carriers 
are able to reach the collector so that i, goes up 
and i, falls. 

A distinction of output characteristics is the 
fact that at vey = 0 and i, > 0, the collector 
current is fairly high, being as large as it is at 
Ucn > 0. The explanation is that in this regime 
there exists some voltage across the collector 
junction due to the effect of the base resistance 


go- This voltage is produced across rgo by the 
base current (Fig. 5-65). For many transistors, 
the output characteristics are straight lines 
starting at voy = 0. The relation between i, and 
i, is linear very nearly. Therefore, given the same 
change in i, the output curves will be spaced 
a nearly equal distance apart. The onset of an 
electrical breakdown is advanced by heavier 
currents, that is, at lower values of uc,. 

The dashed lines in Fig. 5-6a show that when 
the polarity of vg, is reversed, even small values 
of this voltage will cause the collector current 
first to fall abruptly and then to reverse its 
direction of flow and to build up rapidly. This 
happens because the polarity reversal of vcp as 
compared with its normal sense renders it 
a forward-biasing one for the collector junction. 
When it rises by a few tenths of a volt, it first 
balances out the small voltage which (as has 
been explained) exists across the collector junc- 
tion owing to the voltage drop produced by i, 
across the base resistance. Then the voltage 
across the collector junction is rendered for- 
ward-biasing, and i, builds up ata very high rate 
in the reverse direction. 

Output characteristics for the CB configu- 
ration, plotted for several constant values of 
output voltage vp,, rather than of input current, 
are not usually employed, and we will not take 
them up. 

The control characteristics for the CB con- 
figuration display an almost linear relationship 
between i, and i, (Fig. 5-7a).(It should be noted 
that this relation is more linear than that 
between i, and i,.) These curves plotted for 
several values of voy run very closely to one 
another. This points out that voltage vc, has but 
a negligible effect on the collector current. 


Ch. 5. Characteristics of Bipolar Transistors 13 


Reference sources usually give only one control 
characteristic for the average value of uc. At 
i; = 0, these curves give the reverse collector 
leakage current i¢g, but ordinarily this current is 
so small that the curves are shown starting at the 
origin. In contrast to those shown previously, 
the curves in Fig. 5-7b display a nonlinear 
relationship between i, and input voltage. These 
characteristics are used but seldom. The feed- 
back characteristics vp, =f(vcy) with i, held 
constant are not practically used, so we will not 
dwell on them. 

The linear relation between i, and i, cor- 
responds to the equation derived earlier: 
ig = ip + gg (5-2) 
When a is constant, this equation yields a 
straight line. 

One of the likely test set-ups that can be used 
to plot the characteristics of p-n-p transistors 
connected in a CE circuit is shown in Fig. 5-8. 
In this circuit, vc, is adjusted with two variable 
resistors, R; and R,. The voltage picked off the 
resistor R, is applied to R, from which it is fed to 
the transistor. With such an arrangement, we 
can obtain a very small voltage vc, and adjust it 
more gradually. The zero voltage should be set 
with R,. The source of E, may be a 20-30 V 
battery or a rectifier. Small values of vg, should 
be measured, recalling that some voltage will be 
dropped across the milliammeter intended to 
measure the collector current. 

The base current i, is measured with a 
microammeter, and the emitter-to-base voltage 
Upp With a millivoltmeter. The measurement of 
voltage at the transistor input may present some 
difficulties because even high-resistance voltme- 
ters draw a current comparable with the base 
current. When using the test set-up shown in 
Fig. 5-8, the true value of vg; can be found by 
subtracting the voltage drop across the micro- 
ammeter from the millivoltmeter indication. 
The voltage drop across the microammeter can 
readily be determined by multiplying the base 
current by the resistance of the microammeter. 
The variable resistor R, should have a low 
resistance (of the order of several tens of ohms). 
The source of E, may be a single dry cell. The 
purpose of R, is to set the voltage across R, to 
a few tenths ofa volt. As an alternative, the input 
circuit may include two variable resistors con- 
nected as shown for the collector circuit. 

A similar test set-up can be used to measure 


Fig. 5-8 
Test set-up to measure transistor characteristics 


the characteristics of a transistor connected in 
a CB circuit. Instead of a microammeter, it 
should use a milliammeter in order to measure 
the emitter current. 


5-2 Parameters and Equivalent Circuits 
of Transistors 


The parameters, or constants, of a transistor 
are the quantities that characterize its pro- 
perties. By using the parameters, we can com- 
pare the quality of different transistors, solve 
problems arising when transistors are used in 
practical circuits, and design these circuits. 

Several sets of parameters and equivalent 
circuits have been proposed for transistors, each 
of which has merits and demerits of its own. 

All parameters may be classed into primary 
and secondary. Primary parameters characte- 
rize the properties of a transistor itself, ir- 
respective of the circuit configuration in which it 
is connected. Secondary parameters vary from 
one circuit configuration to another. 

In addition to the already defined alpha 
current gain, a, the primary parameters include 
several resistances in accord with an a.c. equi- 
valent circuit of a transistor (Fig. 5-9), This is 
what is known as the r- or T-parameter equi- 
valent circuit. It reflects the electric structure of 
a transistor and takes into account its am- 
plifying capabilities. In this equivalent circuit 
(and, indeed, in all other forms of equivalent 
circuits), it is presumed that a source of the 
signal to be amplified is connected to the input 
and supplies an input voltage whose amplitude 
(peak value) is V,,,, while the output is coupled 
to a load, R,. Here and elsewhere, we will 
usually give the peak values of alternating 
currents and voltages. In many cases they may 
be replaced with rms or, sometimes, instan- 
taneous values. 

The basic primary (T- or r-) parameters are 
the resistances rg, rc and rg, called respectively 
the emitter resistance, the collector resistance, 
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Fig. 5-9 
T- (or r-) parameter equivalent circuit of a transistor: (a) Thévenin equivalent and (b) 
Norton equivalent 


and the base resistance to alternating current. 
The emitter resistance r, is the resistance pre- 
sented by the emitter junction to which is added 
the resistance of the emitter region. Similarly, r¢ 
is the sum of the resistances presented by the 
collector junction and the collector region, but 
the latter is negligibly small in comparison with 
the former. The resistance rg, is the series re- 
sistance of the base. 

The equivalent circuit we are examining looks 
like that shown in Fig. 4-4, but the two ought 
not to be confused. For one thing, the circuit in 
Fig. 4-4 is not valid for alternating currents 
because it includes the d.c. resistances rgo, co 
and rg, whereas the a.c. resistances rp, rc and rg 
are different from their d.c. counterparts owing 
to the nonlinear properties of transistors. For 
another, the circuit of Fig. 4-4 does not reflect 
the amplifying properties of transistors. If we 
connect a signal source to the input of the circuit 
in Fig. 4-4, the a.c. voltage emerging across its 
output will not be boosted—it will be reduced 
due to the losses across gg and ro. 

On the contrary, in the circuit of Fig. 5-9a the 
equivalent constant-voltage generator (the The- 
venin equivalent) connected in the collector 
circuit delivers an amplified a. c. voltage; the emf 
of this generator is proportional to the emitter 
current J... 

The equivalent generator must be regarded as 
an ideal one, and the role of its internal re- 
sistance is played by the collector resistance rc. 
As will be recalled, the emf of any generator is 
given by the product between its short-circuit 
current and internal resistance. In this case, the 
short-circuit current is al, because 
@ = Tc/Tm~ at Ry = 0, that is, when the output 
is short-circuited. Thus, the emf of the equi- 
valent generator is Q1,,¢1c. 

Alternatively, we may use an equivalent con- 
stant-current generator (by applying Norton’s 
theorem) instead of an equivalent constant- 


voltage generator (when we apply Thévenin’s 
theorem). This transformation yields the well- 
known equivalent circuit shown in Fig. 5-9d. In 
this circuit, the equivalent constant-current ge- 
nerator produces a current equal to d,,.. 

Approximately, the values of the primary 
parameters are as follows. The a.c. emitter 
resistance r, is tens of ohms; the a.c. base 
resistance rg, is several hundred ohms, and the 
a.c. collector resistance r¢ is several hundred 
kilohms or even several megohms. It is usual to 
include the alpha current gain a with the other 
primary parameters. 

The equivalent circuit we have just discussed 
holds for low frequencies only. At high fre- 
quencies we must also consider the capacitances 
of the emitter and collector junctions, and this 
results in a more elaborate equivalent circuit. 
This section will only cover low-frequency equi- 
valent circuits and parameters. Operation of 
transistors at high frequencies will be taken up 
in Chap. 6. 

The equivalent circuit derived by applying 
Norton’s theorem (that is, one containing an 
equivalent constant-current generator) for a 
transistor with the common-emitter connection 
is shown in Fig. 5-10, Here the generator pro- 
duces a current f/J,,,, and the resistance of the 
collector junction is substantially smaller in 
comparison with what it is in the previous 


Fig. 5-10 
T-parameter equivalent circuit of a transistor con- 
nected in the CE configuration 
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equivalent circuit, being r¢(1 — a) or, appro- 
ximately, r./B if we recall that B = a/(1 — a) and 
a x 1. The reduction in the resistance of the 
collector junction in a CE circuit stems from the 
fact that in this circuit configuration some of uc, 
is impressed on the emitter junction and boosts 
carrier injection into the emitter region. In 
consequence, a noticeable number of injected 
carriers reach the collector junction and its 
resistance is brought down. 

The equivalent circuit for a CB circuit can be 
transformed into that for a CE circuit in the 
following manner. The voltage supplied by any 
generator is equal to the difference between its 
emf and the voltage drop across its internal 
resistance. For the circuit of Fig. 5-9a we may 
write 


Ke = OL nelc Ince 

On replacing I,,, with a sum, I,,c +i, , we 
obtain 

V,, = @(Inc + Imp)? — Imclc 


m 


| 


= OL clo + Ol ple — Incl 


OD nplc — Umclco — AL mcrc) 
— a nec ie Incl¢ (1 ay a) 


In the above expression the first term @,,,/c iS 
the emf, and the second term is the voltage drop 
due to I, across r¢(1 — a) which is the re- 
sistance of the collector junction. The short- 
circuit current produced by the equivalent con- 
stant-current generator is the ratio of the ge- 
nerator emf to its internal resistance, that is, 


[= OL we’c/Lre = a) ] oe Bl inp 


The T-parameter equivalent circuits we have 
discussed are approximate because the emitter, 
base and collector are actually connected to one 
another inside a transistor at more than one 
point. Still, they are sufficiently accurate when 
used to solve both theoretical and practical 
problems. 

All sets of secondary parameters are based on 
the fact that a transistor is treated as a four- 
terminal (or quadripole or two-port) network, 
that is, as a device which has two input terminals 
or poles (the input port) and two output ter- 
minals or poles (the output port). The secondary 
parameters connect the input and output al- 
ternating currents and voltages and hold only 
for a specified set of operating conditions and 
low amplitudes. Quite aptly, they are called 
low-frequency small-signal parameters. Because 


a transistor is a nonlinear device, changes in its 
operating conditions and large signals bring 
about corresponding changes in its secondary 
parameters. 

The secondary parameters most commonly 
used at this writing are the h or hybrid pa- 
rameters. They are called so because their 
dimensions are mixed, two of them being non- 
dimensional, a third having the dimensions of 
impedance, and the fourth those of admittance. 
The A-parameters are usually given by ma- 
nufacturers in specifications and data sheets for 
transistors. The h-parameters are convenient to 
measure, and this is an important advantage 
because reference sources usually quote average 
values derived by measuring the parameters of 
a large number of transistors of a given type. 
Two of the A-parameters are found with the 
output short-circuited for a.c., that is, with no 
load connected to the output. In this case, only 
a constant voltage (v, = const) is passed to the 
transistor’s output from the £, source. The 
remaining two parameters are found with the 
input circuit open for a.c., that is, when only 
a constant current (i, = const) is flowing in the 
input circuit, supplied by the respective source. 
It is an easy matter to hold v, and 7, constant in 
practice when measuring the h-parameters. 

More specifically, the 4-parameters are as 
follows: 

(1) Input impedance 


(5-3) 


is the impedance of a transistor seen at its input 
terminals by alternating current, with its output 
short-circuited, that is, with no output alter- 
nating voltage present. In the circumstances, the 
change in input current, A/,, is due to a change 
in only the input voltage, Av,. If there were an 
alternating voltage at the output, it would affect 
the input current owing to feedback always 
existing in a transistor. As a result, the input 
impedance would be different for different 
values of output alternating voltage which is in 
turn dependent on the load resistance R,. 
However, the /,, parameter must characterize 
a transistor itself (irrespective of R,), and so it is 
measured at a constant value of v,, that is, at 
R, = 0. 
(2) Reverse voltage feedback ratio 

hy, = Av,/Av, with i, = const (5-4) 
shows what fraction of output alternating vol- 
tage is fed back to a transistor’s input owing to 


h,, = Av,/Ai, with v, = const 
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the internal feedback always existing there. The 
condition /, = const in this case stresses the fact 
that there is no alternating current flowing in the 
input circuit. In other words, the input circuit is 
open for a.c. and, in consequence, Av, is solely 
due to Av,. 

We have noted more than once the existence 
of internal feedback in transistors because the 
transistor electrodes are electrically connected 
to one another, and also because the base has an 
inherent resistance. This feedback exists at any 
frequency, however low, even at f = 0. 

(3) Forward current transfer ratio 


(5-5) 


gives how much a transistor amplifies alter- 
nating current in operation at no-load. The 
condition v, = const, that is, R, = 0, is specified 
here for the change in output current, Ai,, to be 
solely a function of a change in input current, 
Ai,. It is only then that the 4,, parameter does 
characterize current amplification by a tran- 
sistor itself. If the output voltage were varying, it 
would affect the output current, and we would 
not be able to evaluate gain from changes in this 
current. 
(4) Output. admittance 


h,, = Ai,/Av, with i, = const 


h,, = Ai,/Ai, with v, = const 


(5-6) 


is the internal admittance for a.c. between the 
output terminals of a transistor with its input 
open-circuited. Output current /, should change 
solely due to changes in output voltage, v,. If 
input current 7, were not constant, its changes 
would cause changes in i,, and a wrong value 
would be found for /,,. 

The /,, parameter is expressed in siemenses 
(S). Since admittance will in our subsequent 
calculations be used more seldom than im- 
pedance, we will often replace the h,, parameter 
with its reciprocal, or the output impedance 
(assumed to be purely resistive), Ry, = 1/h22, 
expressed in ohms or kilohms. 

So far we have defined the h-parameters in 
terms of incremental changes in currents and 
voltages. An alternative way is to define them in 
terms of the peak values (amplitudes) of alter- 
nating currents and voltages: 


hy, =Vq3/Im, with V,. =0 (5-7) 
Ay> = Vo4/Vqo With I,, =0 (5-8) 
hy =Im2/Im, With V,. =0 (5-9) 
hay =In2/Vqg With In, = 0 (5-10) 


Fig. 5-11 
Hybrid-parameter equivalent circuit of a transistor 


It is to be stressed once again that the 
h-parameters are only valid for small-signal 
conditions. Their use under large-signal con- 
ditions would yield results which are greatly in 
error. 

When measuring the /-parameters at alter- 
nating current, we may replace the peak values 
with the respective rms values as indicated by 
meters. 

The relations between alternating currents 
and voltages in a transistor may be expressed in 
terms of the A-parameters as follows: 


Vint = hy Lint + M1 2Vin2 
Tz = MoT + A22Vin2 


(5-11) 
(5-12) 


This is because the input voltage V,,, is the 
sum of the voltage drop produced by the input 
current J,,, across the input impedance h,,, and 
the voltage which is passed on from output to 
input due to feedback and is a component of the 
output voltage V,,,. This part is represented by 
the h,, parameter. The output current I,,, is the 
sum of the amplified current /,,/,,, and the 
current produced in the /,, circuit element by 
the output voltage V,,, 

Equations (5-11) and (5-12) apply to the 
equivalent circuit shown in Fig. 5-11. Here the 
constant-voltage generator /,,V,,. represents 
the feedback voltage existing in the input circuit. 
The generator itself should be assumed to be 
ideal, that is, with an internal resistance equal to 
zero. The equivalent constant-current generator 
Az,1,,, 10 the output circuit accounts for the 
effect of current amplification, and the /h,, 
parameter is the internal admittance (or, rather, 
conductance) of the current generator. Al- 
though the input and output circuits do not 
appear interconnected, actually the two equi- 
valent generators do take care of the interrela- 
tion that exists between the two circuits. 

The /A-parameters are further supplied with 
letter subscripts in order to identify the circuit 
configuration to which they apply, namely the 
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letter ‘e’ for the CE connection, the letter ‘b’ for 
the CB connection, and the letter ‘c’ for the CC 
connection. 

Let us discuss the h-parameters for the CE 
and CB circuits and see what values they have 
for low-power transistors. 

For a CE circuit, i, = ig, i, = ic, Vy = Ugg, 
D> = Uc, SO the A-parameters can be defined as 
follows: — Input impedance 


hy. = Avpy/Aig with voz, = const (5-13) 


It ranges in value from several hundred ohms to 
several kilohms. 
— Reverse voltage feedback ratio 


hy>, = Avpp/Avcy, with i, = const (5-14) 


It usually is 10~3-10~* which means that the 
voltage fed back from output to input is a few 
thousandths or ten-thousandths of the output 
voltage. 

~— Forward current transfer ratio 


h3,, = B = Aic/Aig with vp, =const (5-15) 


It is anywhere from a few tens to several 
hundreds. 
— Output admittance 


hz. = Aic/Avcy, with i, = const (5-16) 


It is equal to a few tenths or hundredths of 
a millisiemens so that the output impedance 
(resistance), 1/h,,,, is from several kilohms to 
a few tens of kilohms. 

For a CB circuit, 


i, = ips ig = ig, V1 = Upp, aNd vz = Voy 
Therefore, the respective h-parameters will be 


written as follows: 
— Input impedance 


hy yy = Avpp/Ai, with vcg = const (5-17) 
It has a value of units or tens of ohms. 

— Reverse voltage feedback ratio 

hyo = Avgp/Avcg with i, = const (5-18) 


It has the same order of magnitude (107 3-107 *) 
as in the CE circuit. 

— Forward current transfer ratio 

|Az,,| =a = Ai, /Ai,z with veg = const (5-19) 


It usually is 0.950-0.998.* 


* The currents i, and i, take opposite signs 
because one enterns and other leaves the transistor, 
and so A,,, takes a “—” sign, that is, f,, = —a. 


— Output admittance 


Nyx4 = Aic/Avcg with ig = const (5-20) 


It has a value of several microsiemenses or even 
less; the output impedance (resistance), 1/h 1, 1s 
usually as high as several hundred kilohms 
which is noticeably greater than it is in the CE 
connection. 

With any circuit configuration, the /-para- 
meters can be converted to the primary (T- or r-) 
parameters of a transistor in a well-defined 
manner. Thus, for a CB circuit, 


hyp © re + rg (1 — a) 
hry = — 


hyay © Pp/Te (5-21) 
hyo © 1/re 

For a CE circuit, 

Aye =p t+ rp/(1 — @) 

hyr_ ® Fp/Te (lL — a) (5-22) 


hy, = B =a/(1 — a) 
hyo. = I/re (1 — a) 


If the A-parameters are known, it is an easy 
matter to find the primary (T- or r-) parameters 
of a transistor. 

The equations connecting the various pa- 
rameters are derived from inspection of the 
respective equivalent circuits. Taking the equi- 
valent circuit of Fig. 5-9 as an example, we may 
write 


} VinEB Tele + Imps 
Nip = I a a 
mE Vege mE 
Tap — 1 
= rp tr = ret (1—o)ry 
Ink 
VinEB 
Ayy=— = rp/(rg + rc) © Wp/Te 
Vince I 
, ~mE=0 F 
because rg, is a very small fraction of rc; 
Inc 
hoy = a = -¢ 
me VexCB=0 
Inc. ~ - 
hy = = I/(r¢ + ry) © I/re 
mCB 


In =0 
Similarly, we can derive equations for the CE 
circuit of Fig. 5-10. 

The values of the A-parameters for the CE and 


ae : , ; 
18 Part One. Semiconductor Devices 


(b) 


14 vo, V 


Fig. 5-12 
Transistor connected in a CE circuit: (a) output characteristic and (b) input characteristic 


CB circuits are summarized in Table 5-1 where 
h,, has been replaced with 1/h,,. 

If we are given the output characteristics of 
a transistor (Fig. 5-12a), we can determine the 
h3,. and h,,, parameters for some operating 
point Q. The procedure is as follows. Taking the 
incremental changes Ai, and Ai, between points 
A and Band assuming a constant value for ugg, 
we may write 
h3,, = B = Ai,/Aig = 1 mA/40 pA = 25 
The ratio of the incremental changes Ai, and 
Avcp between points C and D, assuming a 
constant valué for ig, gives 
hy. = Aic/Avcg 

= 0.4 x 1073/14 = 28.6 x 10°° S 

which corresponds to the output impedance 
given by 
1/hy2- = 1/28.6 x 107° S = 36 200 Q & 36 kQ 

Figure 5-12b shows the input characteristic of 
the same transistor on which the Q-point is 

Table 5-1 


VALUES OF h-PARAMETERS 


Parameter CE circuit CB circuit 

Nyy Hundreds of Units to tens of 
ohms to units of ohms 
kilohms 

hy, 10-3-10-4 10-3-10-* 

|h21 | Tens to hundreds 0.950-0.998 (a) 
(B) 

1/hy2 Units to tens of Hundreds of kil- 


ohms to several 
megohms 


kilohms 


specified for the same conditions as it is on the 
output characteristics. Taking the increments 
Avpp and Ai, between points A and B and 
assuming a constant value for vg;, we obtain 


hie = Avgy/Aig = 50 mV/20 pA = 2.5 kQ 


In order to find h,,,, we need at least two 
input characteristics plotted for different values 
of vcz. Data sheets, however, usually give only 
one characteristic from which h,,, cannot be 
found (one ought not to use the input cha- 
racteristic plotted for vc, = 0 in order to find the 
h-parameters). Therefore, the 4,,, parameter is 
not used in simple practical calculations, so we 
will not be concerned with its determination 
from a characteristic. 

In the literature on the subject the number 
subscripts of the h-parameters are often replaced 
with letter subscripts as follows: 

(1) The first subscript indicates the charac- 
teristic: i for input, o for output, f for forward 
transfer, and r for reverse transfer. 

(2) The second subscript indicates the circuit 
configuration: b for common-base (CB), ¢ for 
common-collector (CC), and e for common- 
emitter (CE). 

Using this system, /,, or input resistance can 
be indicated by A; for common-base input, h,, 
for common-emitter, and /A;, for common- 
collector. Similarly, h,, or the reverse transfer 
voltage ratio can be indicated by h,,, h,, and h,, 
for common-base, common-emitter and com- 
mon-collector, respectively. By the same token, 
h,,, or the forward current transfer ratio, can be 
indicated by hp,, Ae,, and h,,. Finally, h,, or the 
output admittance (most often, conductance), 
can be indicated by hy, A,,, and h,,, respec- 


oc? 


Ch. 5. Characteristics of Bipolar Transistors 79 


tively, for common-base, common-emitter and 
common-collector. 

When the h-parameters were first used, the 
CB configuration was the most popular. Today, 
the CE configuration is used to the greatest 
extent. For this reason, practically all two- 
junction transistor data sheets outside the 
USSR list h,p,. Some data sheets mix the con- 
figurations. For example, a typical data sheet for 
two-junction transistors will quote /r., Aj, 1,4, 
and hyp. 

Another system of parameters uses what are 
known as admittance or y-parameters. In general 
they are used with FETs. This is practically true 
when FETs are used at high (radio) frequencies. 
At low frequencies, admittances may safely be 
taken as being pure conductances and the 
y-parameters may be replaced by what are 
known as the conductance or g-parameters, each 
supplied with applicable subscripts as already 
explained. These parameters are measured with 
the input or the output short-circuited for a.c., 
using the following equations. 


(1) Input admittance 
V1, = Ai,/Av, vith v, = const (5-23) 


It is easy to see that y,, is the inverse of A, ,: 


Vir =I /hyy (5-24) 
(2) Reverse transfer admittance 
42 = Ai,/Av, with v, = const (5-25) 


The y,, parameter shows what change in /, 
results due to feedback when v, changes by 1 V. 

(3) Forward transfer admittance (or transcon- 
ductance) 


V2, = Ai,/Av, with v, = const (5-26) 


The y,, parameter describes the control action 
of input voltage v, on output current i, and 
defines the change in i, produced by a change of 
1 V in v,. It ranges in value from tens to 
hundreds of milliamperes per volt (milli- 
siemens). 

(4) Output admittance 


Y22 = Ai,/Av, with v, = const (5-27) 


It is to be noted that y,, and /,, are different 
quantities because they are found under diffe- 
rent conditions (at v; = const and i, = const, 
respectively). 

The y,, parameter is connected to the h-para- 
meters by a simple relation 


Yor =Agy/hyy (5-28) 


Fig. 5-13 


Admittance (y)-parameter equivalent circuit of a tran- 
sistor 


We leave it as an exercise for the reader to check 
the above equation. 

Sometimes, the system of y-parameters is 
extended to include the static voltage gain of 


a transistor: 
p = —Av,/Av, with i, = const* (5-29) 


The p-parameter is related to the other y-pa- 
rameters by a relation of the form 


H = Vo1/V22 (5-30) 


and is equal to thousands for transistors. 
Using the y-parameters, we can connect the 
currents and voltages existing in a transistor by 
the following equations: 
Int = 11 Vina + Y12Vin2 
Tn2 = Y21V ini + Y22Vina 


(5-31) 
(5-32) 


Equations (5-31) and (5-32) show that input 
current J,,, is the sum of the current produced by 
input voltage V,,, across the y,, element in the 
circuit, and the current which arises in the input 
circuit due to V,,, and feedback. Output current 
I,,2 18 the sum of the amplified current y,,V,,; 
and the current produced in the y,, element by 
Vino 

The equivalent circuit that applies to the 
y-parameters is shown in Fig. 5-13 and is 
described by Eqs. (5-31) and (5-32). In this 
circuit, the equivalent constant-current genera- 
tor y>,V,,; accounts for the amplification pro- 
duced by the transistor, and the equivalent 
constant-current generator y,,V,,. takes care of 
the internal feedback existing in transistors. 
Sometimes a transistor may be represented by 
an equivalent pi-circuit in which the admit- 
tances (Fig. 5-14) are connected to the y-pa- 


* The collector current will remain constant only 
if changes in the voltages are opposite in sign. 
Therefore, there is a “—” sign in Eq. (5-29). The gain 
factor p itself is a positive quantity. 
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rameters in the following manner: 


Vi = Vier Vi2 
V2 =V22 + Vi12 
voe= sin (5-33) 
VES Vat Via 


The constant-current generator yV,,, in this 
equivalent circuit accounts for the amplified 
current produced in the output circuit. 

An advantage of the y-parameters is that they 
are similar to the parameters of vacuum tubes. 
Their disadvantage consists in that for mea- 
suring y,, and y,, the input must be short-cir- 


Fig. 5-14 
Equivalent pi-circuit of a transistor 


cuited for a.c., and this is very difficult to do in 
practice because the input resistance of the 
transistor itself is low and that of the instrument 
used to measure the input current (a micro- 
ammeter or a milliammeter) is not able to 
short-circuit the input. 


Chapter Six 
Dynamic Operation of Bipolar Transistors 


6-1 Calculation of Dynamic Operation 
of Transistors 


Dynamic operation of transistors, that is, when 
they are amplifying an a.c. signal, has in part 
been discussed in Chap. 4. In this mode, a load, 
R,, is connected to the output circuit. As a rule, 
the load resistance is a small fraction of the 
output resistance R,,, of the transistor itself. 
Notably, this is the case when the load is 
shunted by the low input resistance of the next 
stage. In such cases, calculations are simplified 
by arbitrarily assuming that the transistor is 
operating at no-load. 

Amplification always entails a varying degree 
of distortion, depending on the conditions under 
which the signal source is operating. We will 
consider two cases which are most typical. Let 
the signal source generate a sinewave emf 


Cin = Emin SiN OF 


and have an internal resistance R,,. Let us also 
agree that this resistance and the load resistance 
R, are linear. The input resistance of the tran- 
sistor, R;,, is, as will be recalled, nonlinear 
because the input characteristic i,, =f (v;,), 
which reflects the nonlinear properties of the 
transistor itself, is likewise nonlinear. 


Since R;,, is small, it happens most often that 


R;,,, is a small fraction of R,,; in consequence, the 
signal source is operating as an equivalent 
constant-current generator under conditions 
very close to a short circuit. The input alter- 
nating current in this case is 


lin © Cial Res 


and has a sinewave form because the input emf 
é;, is sinusoidal and R,, is linear. The output 
alternating current is approximately propor- 
tional to the input current and is likewise 
sinusoidal. It is obvious that the output voltage 


v lout 


out — ‘out 


must be sinusoidal. In the circumstances, the 
input signal is only slightly corrupted by non- 
linear distortion while it is amplified. Impor- 
tantly, although the input voltage 


Vin in**in 


is distorted (is other than sinewave in shape) 
because R;,, is nonlinear, the amplified signal 
emerging at the input is nearly nondistorted. 
The insignificant nonlinear distortion that does 
occur is due to the fact that i,,,, is not an exactly 
linear function of i,,,. 

A more infrequent occurrence is when R;,, is 
many times R,, because signal sources having 
a low internal resistance are rare. In the circum- 


Ch. 6. Dynamic Operation of Bipolar Transistors 8] 


stances, 

lin od Cin/ Rin 

and its shape is other than sinusoidal because 
R,, is nonlinear. But the output current propor- 
tional to the input current will then be likewise 
nonsinusoidal, and the output signal will there- 
fore be distorted despite the fact that the input 
voltage in this mode of operation is nearly equal 
to the emf and is sinewave in shape. 

Simple calculations yield only approximate 
values of operating conditions. This is accep- 
table in many cases because there is always a 
noticeable spread in ratings among transistors. 

If R, is a small fraction of R,,,, the current 
gain k, is approximately equal to h,,, so that k, 
is nearly equal to the alpha current gain for a CB 
circuit and to the beta current gain for a CE 
circuit. 

The stage voltage gain is given by 


ky = wsuil Vin in — Ty Rey 92 inRin 
=k RR: (6-1) 
The input resistance of a stage may appro- 


ximately be taken equal to the 4, , parameter of 
the transistor: 


Rin © yy 

Then, 

ky © Ryhy,/hyy 
However, 

hys/hyy = Yai 

Therefore, 


(6-2) 


(6-3) 


(6-4) 


For a more accurate calculation of the dy- 
namic operation (amplification mode), we may 
use the following equations: 


Ving = Myiliny + 1 2Vine 


m 


Tn2 =hoiIiny + h22Vin2 


ky © Yo Ry 


(6-5) 
(6-6) 


We can express V,,, in terms of I,,, on 
recalling that 


v, = £,-—i,R, 
Then, 
Av, = —Ai,R, 


because the incremental change in the constant 
quantity E, is zero. Incremental changes may be 
treated as peak values or amplitudes. Hence, 


Vina = Ina Rv 


m 


The “—” sign indicates that there is a phase shift 
of 180° between the incremental changes in v, 
and 7,. On replacing V,,, with —I,,,R,, we may 
re-write Eqs. (6-5) and (6-6) as 


Vint =a Lint — A12T m2 Re (6-7) 
Tn2 =I my cas hyoTm2 Ry (6-8) 


Solving Eq. (6-8) for I,,. gives 
Iz + haaTm2Rp = Aovlin 
Tm2(1 + h22 Ry) =A2iTins 
On dividing both sides of the equality by 
(1 + h,,R,) and by I,,,;, we get 
Im2/Tmy = Ky = Az 1/( + A22Ri) 

= hy Rou/(Rout a R,) 

At Ry « Roy, we find that k, = h,,. 

On dividing both sides of Eq. (6-7) by I,,;, we 
obtain an equation for R,,, 


Vint/Lmt = Rin = hy, — hy2k Ry (6-10) 


When R, is small and recalling that /, is low 
in value (a small fraction of unity), we will have 
R;, © hy, in many cases. 

Knowing k, and k, and given the input 
current or input voltage, we are able to calculate 
the output current and voltage, the input and 
output power, and the power gain. For example, 


(6-9) 


given I,,;,, We get 

Vinten = Lina © Lin ss (6-11) 
Pin = Ie inVin in/2 (6-12) 
Liout = Krlmin © 4211 min (6-13) 
Ve out — ky Ve in OF Via out — Lig out RL (6-14) 
Font a Fe out Le oul 2 (6-15) 
kp = kyky or kp = ou tn (6-16) 


The above simple procedure for the calcula- 
tion of dynamic operation on the basis of 
transistor parameters applies under small-signal 
conditions when incremental changes in signal 
amplitudes cannot be plotted as curves and 
a grapho-analytical solution is out of the ques- 
tion. 

Sometimes, the gain of a transistor stage is 
defined as the ratio of output voltage to the emf 
(terminal voltage) of the signal source, E,, ;,- 
There is a good deal of sense in this approach 
because V,,,;,, is, as a rule, substantially smaller 
than £,, ;, because of the low input resistance of 
the transistor. The calculation of the stage 
power gain is then changed accordingly. The 
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Fig. 6-1 


Grapho-analytic study of a transistor’s operation at load, using its output and input 
characteristics 


values of ky and kp thus found will depend on 
the relative values of the transistor’s input 
resistance and the signal source resistance R,,. 

Now we will consider a grapho-analytical 
procedure used to determine the dynamic ope- 
ration of a transistor. This procedure is more 
accurate because it takes into account the 
nonlinear properties of transistors. Also, the 
grapho-analytical procedure yields a more de- 
tailed set of design data: it determines the 
quantities connected to both the alternating and 
the direct components of currents and voltages. 

The grapho-analytical procedure is based on 
dynamic or load characteristics. Because a tran- 
sistor is a current-controlled device, we need to 


use both input and output characteristics. As an 
example, we will take these characteristics for 
a CE stage in which the load presents the same 
resistance, R,, to both d.c. and a.c. 

On a family of output characteristics (Fig. 
6-la), the dynamic characteristic (otherwise 
called the /oad line) is constructed using specified 
or chosen values of the E, supply voltage and 
load resistance R,. 

Because the output circuit satisfies the equa- 
tion 


E, = rcp + ioR, (6-17) 


the load line is constructed, using its inter- 
sections with the coordinate axes, that is, in the 
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same way as we did it for the diode (see Sec. 3-4). 
At ic = 0, we obtain E, = Vog, that is, we lay off 
E, on the voltage axis (this yields point M). At 
Ucp = 0, we get ip = E,/R, and lay off this value 
on the current axis (this yields point N). On 
joining the two points M and N, we obtain the 
desired load line. The next step is to choose the 
operating region on the load line. For example, 
if we wish to derive a large output power, the 
operating region of choice should be portion 
AB. The intercepts of the operating region on 
the coordinate axes define the double ampli- 
tudes of the fundamental components of al- 
ternating output current and voltage, 2/,,. and 
2V,,.czp- Now, it is an easy matter to determine 
output power 

Pout = LmcVmcr/2 (6-18) 

The shaded area in Fig. 6-la is what may be 
called the available power triangle. Its hypo- 
tenuse is the operating region AB, and its sides 
are, respectively, the double amplitude of cur- 
rent, 2/,,<, and of voltage 2V,,.,. It is an easy 
matter to calculate that the area of the triangle is 
four times the available power, 21,,cVmcg- 

Let the signal source resistance R,, be many 
times the transistor input resistance R,,,. Then 
the nonlinearity of R;,, may practically be neg- 
lected because the properties of the input circuit 
will be determined by R,,. Ifit is linear, then with 
a sinewave signal emf, the input current will 
likewise be sinewave. Therefore the operating 
point Q corresponds to a current, Ip), which is 
the arithmetic mean of the currents at points 
A and B. The Q- (or quiescent) point defines the 
fundamental amplitude of input current, I,,,,, as 
half the difference between the base currents 
corresponding to points 4 and B, and also Ig 
and Vogo in the quiescent state. From these 
values we can find Po, dissipated in the transistor 
in the quiescent state—it ought not to exceed the 


absolute maximum power rating, Po max» Which 
is one of the key ratings of transistors: 
Poo = Ico Vero < Pe max (6-19) 


If the designer has at his disposal a family of 
input characteristics for the transistor he has 
chosen, he can plot the input load line by 
transferring the output load line point-by-point 
onto that family of curves. It is usual, however, 
for reference sources (such as data sheets) to give 
only curves for vg; = 0 and for some vg, > 0 or 
only the last one. Because input characteristics 
for stepped values of vc, in excess of 0.5-1 V are 
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spaced closely apart, the load line differs only 
slightly from them. Therefore input currents and 
voltages may approximately be calculated from 
the input characteristic for vc, > 0 taken from 
a reference source or a data sheet. Points A, Q, 
and B of the output load line are translated onto 
that curve to locate points A,, Q, and B, 
(Fig. 6-15). The projection of the operating 
region A,B, on the voltage axis defines the 
double amplitude of input voltage, 2V,5.. 
Knowing I,,, and V,,,., we can readily calculate 
the input resistance R;,, and the input power P,,, 
of the stage by the equations 


Rin = mBE/ mB (6-20) 
Pin = BE! mB/ 2 (6-21) 


The operating point Q, also defines the d.c. 
base voltage Vg;:9. Knowing Vg;. and assuming 
approximately that the direct component of 
base current in the dynamic operation is Igo, it is 
an easy matter to calculate the resistance of the 
swamping resistor Ry via which a direct voltage 
will be applied from the E, source to the base: 


Ry = (E, sae Ver0)/1p0 (6-22) 


The stage current, voltage, and power gains 
can then be found by the usual equations 


k,;= Incl tmp 
ky = Vice / VnBe (6-23) 
kp 7 kyky 


It may be taken approximately that the direct 
component of collector current in the dynamic 
operation is equal to the quiescent current Igy. 
Then the power expended by the £, source can 
be found by the equation * 


Po = Exleo (6-24) 


and the stage efficiency (or, to be more accurate, 
the efficiency of the output circuit) will be given 
by 

= Py Po (6-25) 


It is shown in Fig. 6-15 that at the operating 
point Q, the input current is distorted very little: 
both of its half-cycles have the same amplitude. 
In contrast, the input voltage is heavily dis- 
torted: its positive half-cycle is substantially 
smaller in amplitude than its negative half-cycle. 
Still, the output current and the output voltage 


* The power supplied to the base circuit may be 
neglected as being extremely small. 


&4 Pa) 


are only slightly distorted. As has been shown, 
this result is typical when the signal source is 
acting as an equivalent constant-current ge- 
nerator (at R,, >> R;,,) and is feeding a sinewave 
current to the transistor input. If, on the other 
hand, the signal source is operating as an 
equivalent constant-voltage generator (at 
R,, < R;,) and is feeding a sinusoidal voltage to 
the input, the operating point will be located at 
Q,, and the input current will be heavily dis- 
torted. The output current and the output 
voltage will likewise be heavily distorted, be- 
cause the operating point will be located at Q, 
on the output characteristics, thereby dividing 
the operating region AB into two unequal parts. 

When the positive and negative half-cycles of 
collector current differ in amplitude (let them be 
denoted as I, and I.), we can find the second 
harmonic amplitude of this current, I,,,c., and 
the incremental change in its direct component, 
Alco, by the equation 


Inco = Alco ae Unc f Tinc)/4 (6-26) 


Then the direct component (average value) of 
collector current in the dynamic operation 
will be 


Ic av — Too ng Alco (6-27) 


For the CE circuit it is usual that [6 < Io. 
Therefore, AI¢g < 0 and I¢ yy < Igo. 

The change occurring in the direct com- 
ponent of collector current as the transistor 
moves from the quiescent state to the dynamic 
operation is an indication of nonlinear dis- 
tortion. If the milliammeter measuring this 
current gives the same reading with the signal 
applied to and removed from the input, dis- 
tortion is practically nonexistent. 

The principles of graphical analysis examined 
for low-distortion amplification apply to other 
locations of the operating point as well. They are 
somewhat different for a transformer-coupled 
load and a load in the form of a resonant (tank) 
circuit (see Figs. 4-14 and 4-15). In such cases, 
the load line is constructed in a different way. 
This is because a resonant circuit or a loaded 
transformer present different impedances to the 
direct and alternating components of collector 
current. The tank-circuit coil or the transformer 
primary presents a relatively low resistance to 
direct current. We may neglect the loss of some 
d.c. supply voltage across this resistance and 
deem approximately that the direct collector 
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Fig. 6-2 


Construction of the load line for a transformer-coup- 
led or an inductively coupled amplifier stage 


voltage Vigo is equal to the supply voltage: 
(6-28) 


The situation is different with the alternating 
component of collector current to which a 
resonant (tank) circuit presents a very high 
impedance — of the order of several thousand or 
even tens of thousands of ohms. The primary of 
a loaded transformer presents about the same 
impedance to alternating current. In conse- 
quence, the transistor is operating at no-load in 
terms of direct current, and at load in terms of 
alternating current. The basic equation defining 
the operation of a transistor at load, Eq. (6-17), 
must now be written differently 


dog = Ey — AigR, (6-29) 


Instead of collector current, we must consider its 
incremental change, Aic, which is in effect an 
alternating component, because the load re- 
sistance R, only exists for this component. Here 
Ai, should be construed as a change of current 
occurring at a sufficiently high frequency, say at 
the resonance frequency of the tank circuit, 
because it is only then that a resonant circuit 
possesses a high and purely resistive impedance. 

In order to plot the applicable load line, we set 
in Eq. (6-29) Ai, = 0so that vg, = E,. This case 
corresponds to the location of the operating 
point at Q (Fig. 6-2) defining the quiescent state. 
Before it can be plotted on the diagram, how- 
ever, we need to know the direct component of 
base current, Ip. Point Q defines the quiescent 
current I¢,. The other point of the load line can 
be located on setting vc, = 0. Then, 


Aig = E,/R, 


and the intercept on the axis of ordinates will 
locate point N which is needed only for purposes 
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of construction. This point (and a number of 
points around it) does not correspond to any 
practical operating conditions because at 
Vcr = 0 the collector current in a transistor 
cannot be a maximum. Now draw a straight line 
through points Q and N ~it is the load line. For 
comparison, the diagram also includes a dashed 
line—it is the load line of a resistance-coupled 
stage with the same value of R,, that is, when R, 
is the same for direct and alternating currents. 
This load line is shifted downwards by an 
amount equal to the quiescent collector current, 
Teg: 

The load lines for transformer-coupled and 
tank-circuit stages differ in the following as- 
pects. The operating point corresponds to E, 
rather than to Vigo = EF, — Ic¢gR,. When con- 
structing the load line for a resistance-coupled 
stage, we laid off an intercept E,/R, on the 
current axis from the origin; now we lay it off 
from I¢9 so that the line runs somewhat higher. 
It is interesting to note that during the negative 
half-cycles of input current, when the collector 
current decreases (Ai, <0 and i, < Ig), the 
collector voltage exceeds E£,. Over the entire 
region QM of the load line, the collector voltage 
exceeds the supply voltage. 

This situation, which might seem strange at 
first glance, is explained by the fact that the 
collector circuit contains energy-storing ele- 
ments—the inductance due to the transformer 
primary or the tank-circuit inductance and 
capacitance. To demonstrate, when Ai, > 0, the 
current rises, and the magnetic field set up 
around the coil stores some energy. The in- 
cremental change in current has the same sign as 
the current itself, the voltage drop across R, is 
subtracted from £,, and the collector voltage is 
brought down. In the circumstances, the emf of 
self-induction generated in the tank-circuit coil 
or the transformer winding opposes the current 
and impedes its rise. It also opposes the emf of 
the £, source, and the collector voltage falls 
below E£). 

When the current falls, the situation is re- 
versed. The emf of self-induction changes sign 
and sustains the current. It is combined with the 
emf supplied by the £, source, and the collector 
voltage rises. In other words, the voltage drop 
across R, changes sign and is added to, rather 
than subtracted from, F,. This also follows from 
Eq. (6-29). When Ai, < 0, the product Ai. R, is 
added to E,. When Ai, = — Ico, we obtain 


a maximum value 
Vcr max = £2 + IcoRt 


corresponding to point M. 

Thus, the instantaneous collector voltage in 
a transformer-coupled or tank-circuit stage may 
be substantially higher than £,. In other res- 
pects, the graphical constructions and calcu- 
lations for the dynamic operation follow the 
same pattern, that is, as shown in Fig. 6-1 and 
using the equations given earlier. 

J xvcorp/-. Let us determine the key quantities 
that characterize the operation of a transistor 
stage, using the numerical values given in 
Fig. 6-1. We choose the case when the signal 
source is operating as an equivalent constant- 
current generator (the Norton equivalent). 
The load line is constructed for E, = 10 V and 
R,, = 2 kQ. Then 


E,/R, =10+2=S5mA 


The operating region AB corresponds to 


2I np = 80 pA 

21 ,c = 4.5 mA 

2c = 9. Vi 

Hence, 

I. = 40 pA 

To = 2:25: mA 

Vice = 4.5 V 

and 

Pout = ImcVnce/2 = (2.25 x 4.5)/2 » 5 mW 
The Q-point defines * 
Igo = 40 pA 

Tog = 2.5 mA 

and 

Vero = 5 V 


The power dissipated in the transistor is 

Poo = IcoVeno = 2.5 x 5 = 12.5 mW 

Using points A,, B, and Q, on the input 
characteristics, we get 

2V, pe © 150 mV 


that is, 

V.ne = 73 mV 
and 

Vero = 225 mV 
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Now we are in a position to calculate the input 
power 


Pin = 0.51 mp Voge = 0.5 x 40 x 1076 x 75 = 
= 1.5 x 10-3 mW 


and the input resistance 

Rin = Von /lmp = 75 x 103/40 = 1875 Q 
The respective gains are as follows: 

ky = Tel liga = 2-25-% 107/40 = 56 

ky = Voce! Voan = 4.5 x 103/75 = 60 

kp = kyky = 56 x 60 = 3360 

or 

kp=Pou/Pin= 5X 10° * 1.5 = 3330 


The small discrepancy is a result of the inevita- 
ble inaccuracy of graphical calculations. 
The power expended by the £, source is 


Py = Bylo S10 x 25'= 25anW. 
and the efficiency is 
= Pou Po = 5/25 = 0:2 =20% 


Of course, in a low-power stage such as the one 
we are dealing with, the efficiency is of minor 
importance, and its calculation is only given as 
an example. 

If the direct voltage is fed to the base from the 
E, source via a swamping resistor R,, its 
resistance can be found by Ohm’s law 


Rs = (E, = Vero)/1p0 = 
= (10 — 0.225)/(40 x 107°) 
= 0.25 x 10° Q = 250 kQ 


The procedures for constructing the load line 
and the associated calculations equally apply to 
CB circuits. 

In all calculations of dynamic operation for 
a transistor, it is important to remember that the 
magnitude of the obtainable output power can 
be limited by a number of factors. Among other 
things, one may never exceed the safe limits for 
collector current, collector-to-emitter or collec- 
tor-to-base voltage, and the power dissipated in 
the transistor chosen for the circuit in question. 
Figure 6-3 shows a shaded area—it represents 
the operating region for a CE circuit. From 
below this region is bounded by icf (at ig = 0). 
If it is important to minimize nonlinear distor- 
tion in the amplified signal, the operating region 
must further be bounded on the left (see the 
dashed line)—this will exclude the nonlinear 
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Fig. 6-3 
Feasible region of a transistor 


portions of the characteristics. It should also be 
remembered that P.,,,, must be brought down 
whenever there is a rise in ambient temperature 
and, as a consequence, in the temperature of the 
transistor case. 


6-2 The Effect of Temperature 
on the Performance of Transistors 


In operation, transistors are heated by the 
surroundings, extraneous heat sources (such as 
the nearby hot components), and the currents 
flowing through the transistors themselves. Va- 
riations in temperature have a marked effect on 
the performance of semiconductor devices. 
Among other things, an increase in temperature 
causes a rise in the conductivity of semicon- 
ductors and the currents flowing through them 
go up in magnitude. As has been shown in 
Sec. 3-3, the increase is especially noticeable in 
the reverse leakage current across a p-n junction. 
In transistors, this is the reverse collector leak- 
age current. Any rise in this current entails 
changes in transistor characteristics. The situa- 
tion can conveniently be traced by reference to 
the output characteristics shown for CB and CE 
circuits in Fig. 6-4. 

The point can best be illustrated by a nume- 
rical example involving a germanium transistor 
for which B = 100 and ig = 2 pA at 20°C. Let 
the transistor be connected in a CB circuit and 
heated to 70°C, that is, by 50 degrees K above 
ambient. Since for germanium the reverse leak- 
age current nearly doubles for every 10 degrees 
K of rise in temperature, in our case ic¢g should 
increase by a factor of 2°, that is, 32-fold. At 
t = 70°C it will be 64 LA so that the net increase 
will be 62 pA. If we assume (rather arbitrarily) 
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(b) 
ic, MA 


Fig. 6-4 


Effect of temperature on the output characteristics of a transistor connected in (a) a CB 
circuit and (b) a CE circuit 


that the alpha current gain is independent of 
temperature, then from the equality 

ic = Oleg + cg 

we may conclude that at i, = const the collector 
current will go up likewise by 62 pA. Because i. 
is a few milliamperes, this increase will only 
slightly affect the performance of the transistor. 

The solid lines in the figure are the characte- 
ristics at t= 20°C, and the dashed lines, at 
t= 70°C. As is seen, in the CB circuit the 
characteristics are shifted slightly upwards. The 
operating point has somewhat shifted from Q to 
Q,, and the new operating region, 4,B,, only 
slightly differs from the region AB. In conse- 
quence, the amplification has remained nearly 
unchanged. Thus, the CB circuit is a tempera- 
ture-stable configuration. Even with a tempera- 
ture rise of tens of degrees the performance of the 
transistor in this circuit changes very little, and 
this is an important advantage. 

The situation is entirely different when a 
transistor is connected in a CE circuit. In this 
configuration the reverse leakage current is icgo. 
It is approximately B times i.,. In our example 
the figure at ¢ = 20°C is 


icgo © Bico = 100 x 2 = 200 pA 

At t= 70°C, this current is increased 32-fold 
and will be 6400 pA or 6.4 mA so that the 
increase will be 6.2 mA. It is seen from the 
equality 

ic = Big + icgo 

that at i; = const and B = const the collector 
current will build up in proportion to the rise in 


icgo (in our example, by 6.2 mA). Clearly, a heavy 
change like this cannot but drastically affect the 
output characteristics (Fig. 6-46). The opera- 
ting point Q and the operating region AB are 
now moved, respectively, to Q, and A,B,, and 
the dynamic operation in the amplification 
mode is completely upset. In our case, which is 
of course a hypothetical one, the portion 4,Q, 
of the operating region is greatly reduced and 
the portion B,Q, is negligibly small. The gain is 
heavily decreased and the amplified signal will 
be strongly distorted because the positive half- 
cycle of input current remains practically 
unamplified. If we fail to apply the temperature 
compensation as has been explained in Sec. 4-5, 
the amplification provided by a CE circuit may 
be entirely unsatisfactory in the case of a 
temperature rise. 

As is seen, the CE circuit has a low tempera- 
ture stability —its performance is strongly affec- 
ted by a rise in temperature and this is one of its 
major limitations in comparison with the CB 
configuration. 

It is to be stressed that changes in temperature 
entail changes not only in the characteristics but 
also in all parameters of transistors. For examp- 
le, assuming that the currents remain unchan- 
ged, a rise in temperature causes a certain 
increase in the h-parameters of the CE configu- 
ration. The parameters are affected more in the 
CE configuration but remain more stable in the 
CB connection. Temperature compensation ser- 
ves to maintain the operating conditions of 
a transistor at a constant level, but it is unable to 
prevent changes in its parameters completely. 
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6-3 The Frequency Behaviour of 
Transistors 


A rise in frequency leads to a fall in the 
amplification supplied by a transistor. Two 
factors may be held responsible for this oc- 
currence. Firstly, the collector junction capa- 
citance C, produces a detrimental effect at high 
frequencies. A simple way to get insight into the 
matter is by reference to the Norton (current- 
generator) equivalent circuit shown for the CB 
connection in Fig. 6-5. At low frequencies, C, 
presents a very high reactance; also r¢ is very 
large (as a rule, r. is many times R,), so we may 
take it that all of the current aJ,,, is flowing to 
the load resistor or that k, = a. At some high 
frequency, however, the C, reactance drops to 
a relatively low value and a sizeable proportion 
of the current supplied by the generator divides 
into this reactance and a smailer current flows 
through R,. In consequence, k,, ky, kp, and 
output power suffer a reduction. 

If we assume that the frequency is tending to 
infinity, the capacitive reactance 1/wC, will tend 
to zero—C, will present an effective short-circuit 
to the generator, all of its current a/J,,,, will flow 
through C,, and no current at all will be flowing 
in the load resistor. We would get the same 
result if we use a Thévenin (voltage generator) 
equivalent circuit. 

The emitter junction capacitance C,, likewise 
falls off with a rise in frequency, but it is always 
shunted by the low emitter-junction resistance 
r,;, and so its detrimental effect may be felt only 
at very high frequencies when 1/mC, is compa- 
rable in magnitude with r,. 

Basically, the effect of C,, consists in that its 
reactance decreases with increasing frequency 
with the result that its shunting action on r, 
becomes stronger, and the alternating voltage 
which controls the collector current is brought 
down. Naturally, the gain is reduced in propor- 
tion. If the frequency is tending to infinity, the 
reactance |/@C, will tend to zero, and the 
voltage across the emitter junction will likewise 
tend to zero. In practice, C, shunted by the very 
large collector-junction resistance r¢ produces 
so strong an effect even at less higher frequencies 
that the use of a transistor at higher frequencies 
where C,, could be noticeable becomes unwar- 
ranted. Therefore, the effect of C, need not be 
considered in many cases. 

To sum up, the effect of C, in operation at 
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Fig. 6-5 


Equivalent circuit of a transistor, with its junction 
capacitances included 
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Fig. 6-6 


Phasor diagrams for transistor currents at different 
frequencies 


high frequencies consists in that it brings about 
a reduction in the alpha and beta current gains, 
a and B. 

The other cause of the reduction in gain at 
higher frequencies lies in that the alternating 
collector current lags behind the alternating 
emitter current in phase. This lag is due to the 
delay caused by the movement of carriers from 
the emitter to the collector through the base and 
also by the carrier storage in the base. Carriers 
(say, electrons if we take an n-p-n transistor) 
move in the base by diffusion, and so their 
velocity is not very high. Their transit time 
through the base, t,, in ordinary transistors is 
1077s, that is, 0.1 ps or even less. Of course, this 
is a very short time interval, but at frequencies of 
several units or tens of megahertz and higher it is 
comparable with the period of oscillation and 
causes a noticeable phase shift between collector 
and emitter currents. This phase shift at high 
frequencies is responsible for a rise in the 
alternating base current which in turn brings 
down the beta current gain. 

It is most convenient to trace this occurrence 
by reference to the phasor diagrams shown in 
Fig. 6-6. The first corresponds to a low frequen- 
cy, say | kHz, at which all currents are practical- 
ly in phase because 1, is only a tiny fraction of the 
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oscillation period. At low frequencies, the beta 
current gain takes on its maximum value B,. At 
higher frequencies, say 1 MHz, the fact that I, 
lags behind I, in time by t, gives rise to a marked 
phase shift @ between the two currents. Now I, 
is a geometrical (that is, phasor), and not an 
algebraic, difference between J, and J, and, in 
consequence, it builds up appreciably. There- 
fore, even if I, remained unaffected by C., the 
beta current gain would be smaller than fy all 
the same. At a still higher frequency, say 10 
MHz, the phase shift becomes greater, J, takes 
a higher value, and the beta current gain falls. 

Thus, a rise in frequency causes B to decrease 
substantially more than a. The alpha current 
gain falls solely due to the effect of C,, and the 
beta current gain is additionally affected by the 
phase shift between J, and J, owing to the 
transit time of carriers across the base. It follows 
then that the CE circuit has a poorer frequency 
performance in comparison with the CB con- 
nection. 

It is customary to set the allowable limit of fall 
in the two current gains by 30% from their 
values G and By, at low frequencies (usually, 
a frequency of | kHzis taken). The frequencies at 
which the gain falls so that a =0.7a, and 
B = 0.7B 9, are called the common-base current- 
gain cutoff frequency and the common-emitter 
current-gain cutoff frequency, respectively for CB 
and CE circuits. In this text, they will be labelled 
as f, and f,. Outside the Soviet Union, they are 
often designated as fj, and f,.. Their more 
rigorous definition may be stated as follows: 

(1) fay is the common-base current-gain cut- 
off frequency or the frequency at which /g, (that 
is, the common-base a.c. forward current gain 
or alpha) has decreased to a value 3 dB below 
heyo Or Ao, that is, hep = 0.707 x eyo: 

(2) fae is the common-emitter current-gain 
cutoff frequency or the frequency at which /¢,. 
(that is, the common-emitter a.c. forward cur- 
rent gain or beta) has decreased to a value 3 dB 
below /geg OF Bo, that is, Ape = 0.707 x hgeo. 

Because the beta current gain decreases at 
a far higher rate than the alpha current gain, f, is 
markedly lower than f,. We may write 


Sp ~S./8 (6-30) 


Figure 6-7 shows an approximate plot illu- 
strating how the alpha and beta current gains of 
some transistor fall off with rising frequency laid 
off on a log scale. For convenience, the ratios 
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a/a9,B/Bo 


fp fa 
Fig. 6-7 
Reduction in the alpha and beta gains with rising 
frequency 


a/a) and B/By are laid off on the vertical axis 
instead of a and B. 

In addition to the two current-gain cutoff 
frequencies f, and f,, it is usual to quote for each 
transistor its maximum frequency of oscillation, 
JSmax, Which is defined as the frequency at which 
the power gain kp, drops to unity (or 0 dB). 
Obviously, at f<fmax where kp > 1, a given 
transistor may be used in a self-excited oscilla- 
tor. If, on the other hand, kp < 1, no oscillations 
will be generated and sustained. 

Sometimes, the design equations include also 
what is known as the gain-bandwidth product. It 
is designated as f; and defined as the frequency 
at which the common-emitter forward current 
gain k, is equal to unity, that is, when a CE 
circuit ceases to amplify current. 

Changes in the alpha and beta current gains 
are not the only events that happen in operation 
at high frequencies. The effect of junction capa- 
citances, carrier storage, and transit-time effects 
also change the primary (Tor r) parameters of 
a transistor at high frequencies so much that 
they no longer act as pure resistances. The 
other parameters are affected as well. 

The frequency response of transistors can be 
improved, that is, their cutoff frequencies f, and 
f,can be boosted by bringing down the collector 
junction capacitance C, and the transit time 1,. 
Unfortunately, any reduction in C, by decreas- 
ing the surface area of the collector junction 
inevitably leads to a lower absolute maximum 
current rating, that is, to a lower absolute 
maximum power rating. 

The value of C,. can somewhat be reduced by 
decreasing the impurity concentration in the 
collector. As a result, the collector junction 
widens, and this amounts to an increase in the 


)() 


spacing between the plates of an equivalent 
capacitor. Asa result, the capacitance is reduced 
and, also, since the junction is now wider, 
a higher voltage would be needed to cause its 
breakdown, and so the absolute maximum 
power rating of such a transistor may be set at 
a higher value. Unfortunately, this entails an 
increase in the resistance presented by the 
collector region and, in consequence, in the 
power dissipation there, which is an obvious 
disadvantage, especially for high-power tran- 
sistors. The transit time can be reduced by 
making the base very thin and by imparting 
a greater velocity to the carriers that move 
through the base. With a thinner base, however, 
one has to lower Vag, or else a punch-through 
might occur as the collector junction widens. 
Under diffusion, electrons are far more mobile 
than holes. Therefore, with all other conditions 
being equal, n-p-n transistors are able to operate 
at far higher frequencies than p-n-p transistors. 
Higher current-gain cutoff frequencies can also 
be obtained by using semiconductors in which 
the carriers have a greater mobility. A shorter 
transit time is also obtained in transistors with 
an electric field set up in the base region so as to 
accelerate the carriers. In more detail, the design 
and operation of high-frequency transistors are 
covered in Sec. 6-7. 


6-4 Transistors as Switches 


Transistors are widely used in pulse circuitry 
owing to their special behaviour in what may be 
called the switching mode of operation. 

We will examine a switching transistor by 
reference to its output characteristics for the CE 
circuit configuration. Let the collector lead 
contain a load resistor R,. The applicable load 
line appears in Fig. 6-8. Before an input current 
or voltage pulse arrives at the input of this 
circuit, the transistor is turned off (it is said to be 
in the OFF state or at cutoff). This condition 
corresponds to point Q,. A small current is now 
flowing in the collector circuit (this is the 
transfer leakage current i¢¢9), and so this circuit 
may be assumed to be open. Nearly all of the 
supply voltage £, is impressed on the transistor. 

When we apply a current pulse I, max to the 
input, the transistor is moved into the saturation 
region and is operating at point Q,. As a result, 
there appears a collector current pulse I¢ max 
very close in magnitude to £,/R,. Sometimes, it 
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Fig. 6-8 


' Finding transistor parameters in pulsed work from 
output characteristics 


is called the saturation current. At saturation, 
a transistor is in effect a closed switch and nearly 
all of E, is dropped across R,, with a very small 
remainder, called the saturation voltage Vox sat; 
left across the transistor; its value is a few tenths 
of a volt. 

Although vu, does not change sign at Q,, it 
becomes a forward voltage across the collector 
junction itself, and so Q, represents the satura- 
tion region. This can best be illustrated by the 
following example. Suppose we have an n-p-n 
transistor in which Vog sa, = 0.2 V and Vy, = 0.6 
V. Then the collector-to-base voltage will be 
Vog = 0.2 — 0.6 = — 0.4 V which indicates that 
a forward voltage of 0.4 V exists across the 
collector junction. 

Of course, if the input current pulse is smaller 
than Ig max, the collector current pulse will 
likewise be smaller. On the contrary, an increase 
in the base current pulse over and above I max 
will not practically produce an increase in the 
output current pulse. Thus, the maximum 
attainable value of collector current pulse is 


I¢ max ~ E,/R, (6-31) 


In addition to I¢max> Jp max @2Nd Veg sat, the 
switching mode of operation is characterized by 
the current gain B which, in contrast to the beta 
current gain, is defined in terms of the ratio 
between the currents at point Q, 


B = Te max/1g max (6-32) 


rather than in terms of incremental changes in 
the respective currents (the respective notation 
used outside the Soviet Union is Ay, and he,). In 
other words, the beta current gain is a small- 
signal parameter while B is a direct-current (or, 
rather, large-signal) parameter, so there is a 
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Fig. 6-9 


Corruption of the current pulse waveform by a 
transistor 


difference in magnitude between the two. 

Still another parameter associated with swit- 
ching transistors is the saturation resistance 
defined as 


(6-33) 


For switching transistors, R,g, is usually units 
or, sometimes, tens of ohms. 

The operation of a switching transistor in 
a CB circuit is similar to that in the CE 
configuration we have just discussed. 

If the input pulse duration t,, is many times 
the storage time t,, of a transistor, the output 
current pulse will have about the same duration 
and shape as the input pulse. In the case of short 
pulses, that is, when tT) is several microseconds 
or even less, the waveform of the output current 
pulse may be heavily distorted and its duration 
increased. 

Asan example, Fig. 6-9 shows plots of a short 
input current pulse which has a rectangular 
waveform and an output current pulse for 
a transistor with the CB connection. As is seen, 
the collector current pulse has a delay ty (delay 
time) owing to the finite transit time of carriers 
through the base. This current builds up gradu- 
ally for a time t, (the pulse rise time) which 
accounts for an appreciable part of t,. This 
gradual rise is associated with the carrier stor- 
age in the base. Also, the carriers injected into 
the base at the start of the input current pulse 


Reat = CE sat/T¢ max 


differ in travel velocities and they do not reach 
the collector all at the same time. The time ty + 
tT, is the turn-on time, Ton, Of a transistor. After 
the input pulse has ceased, the collector current 
ic keeps flowing for some time equal to the 
storage time t,,, and then gradually decays 
during a time interval called the pulse fall (or 
decay) time, t-. The time interval ty + tT; 
constitutes the turn-off time of a transistor, Tog. 
The net result is that the collector current pulse 
markedly differs from a rectangular pulse in 
shape and is stretched in time as compared with 
the input pulse. In consequence, a longer time is 
required for the collector circuit to be turned on 
and off and for the transistor to remain in the 
ON state. In other words, carrier storage in the 
base impedes a fast turn-on and a fast turn-off 
for a transistor or, which is the same, a switching 
transistor has a limit to its speed of operation. 

Figure 6-9 also shows a plot of the base 
current, constructed on the basis of the relation 
ip = Ip — Ic 
As is seen, this current does not have a simple 
waveform. 

Timing current diagrams for the CE configu- 
ration may be plotted similarly to those shown 
in Fig. 6-9 for the CB connection. 

Switching transistors intended to handle 
short pulses must have small junction capaci- 
tances and a narrow base. As a rule, they are 
low-power drift transistors (see Sec. 6-7). As a 
way of cutting down the storage time, it is usual 
to add to the base region a small amount of an 
impurity which speeds up the recombination of 
stored carriers (this impurity may be, say, gold). 


6-5 Frequency Changing by Semiconductor 
Devices 


In a wider sense, frequency changing applies 
to any change in frequency. For example, recti- 
fication converts an alternating current at fre- 
quency fto a direct current at zero frequency. In 
oscillators, a direct current of zero frequency is 
converted to an alternating current of a desired 
frequency. In this section we will deal with 
frequency changing which has as its objective to 
transform a signal at one frequency other than 
zero to a signal at another frequency likewise 
other than zero. 

The frequency changer or converter shown in 
the block diagram of Fig. 6-10 consists of 
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a mixer, a source which supplies an a.c. voltage 
v, at frequency f, which is to be converted, and 
a second source, called the /ocal oscillator, which 
supplies an auxiliary a. c. voltage v,, at frequency 
tio. AS often as not, the mixer and the low-power 
local oscillator are combined in a single tube. 
The signal appearing at the output of the mixer 
(or the frequency converter, as the case may be) 
is at what is termed the intermediate frequency, 
j,, usually abbreviated as IF. 

A mixer must be a nonlinear device. If it were 
a linear device, the two waveforms fed to it 
would simply be added together. For example, if 
these two waveforms are at closely spaced, but 
not multiple frequencies (Fig. 6-1la and 5), the 
result will be beats—a complex waveform whose 
frequency is oscillating within certain limits 
about its average (or arithmetic mean) value 


Say 3 (f + fio)/2 (6-34) 


and its amplitude is varying at a frequency equal 
to a difference frequency, f,, — f, (Fig. 6-11c). 

These beats do not contain a component at 
a new frequency. If, on the other hand, we detect 
(rectify) the beats, the nonlinearity of this pro- 
cess will extract a component at the intermedi- 
ate frequency, f; = f,, —f, (Fig. 6-11d). 

The signal appearing at the output of a mixer 
or frequency converter is a complex waveform 
containing components at different frequencies. 
A general equation for these frequencies is 


f= |mf, + nf, | (6-35) 


where m and v are any integers, including zero. 

When m=n=0, the result is f= 0. This 
means that a direct component exists at the 
frequency converter output. On setting m = 1 
and n = 0 or m= 0 and n = 1, we find that the 
output signal includes components at frequen- 
cies f, and f,,. When m=n=1, the output 
waveform contains new components, one at the 
difference frequency f, — f,, and the other at the 
sum frequency f, + f,,- One of them is ordinarily 
utilized as the converted frequency. Other valu- 
es of m and n will produce further new fre- 
quencies. 

All of these new frequencies are combinations 
of f, and f,, and of their harmonics. Quite aptly, 
they are sometimes called combination frequen- 
cies. More often, they are referred to as inter- 
modulation products because they arise from the 
process of intermodulation in which one fre- 
quency ‘modulates’ the other. By choosing a 
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Fig. 6-10 


Fig. 6-11 
Explaining frequency conversion 


suitable auxiliary, or local-oscillator, frequency 
fio We can derive any desired new frequency. 

The new frequencies produced by conversion 
include the harmonics of the original waveforms 
at, frequencies.°2f,, 3f,.... and 2f,,, 3fjns <<": 
Provision of two waveforms is not mandatory 
for harmonics to arise—they can result from 
a single waveform subjected to nonlinear distor- 
tion. 

As a rule, intermodulation products decrease 
progressively in amplitude as their numbers 
mand n increase. Therefore, the new or interme- 
diate frequency is most often the difference 
frequency, although the sum frequency is also 
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used sometimes. Higher intermodulation pro- 
ducts are used but seldom. 

In radio receivers, frequency conversion is 
mostly carried out in such a way that one and 
the same IF is produced even though the 
sending stations may operate at different fre- 
quencies. The use of a single IF makes it possible 
to assure a high gain and a high selectivity which 
remain almost constant over the entire range of 
received frequencies. Also, since they are to 
amplify a single frequency, the amplifying stages 
can readily be designed for a more stable 
operation and to have a simpler circuitry than 
stages intended to handle several frequencies or 
a range of frequencies. 

Radio receivers and instruments most often 
use the difference frequency as the IF, with the 
local-oscillator frequency f,, usually chosen to 
be higher than the signal frequency f,. This 
choice of the local-oscillator frequency is man- 
datory if the intermediate frequency is to be 
higher than the signal frequency. Also, if the 
conversion is carried out over a range of fre- 
quencies, a smaller relative change in f,, will be 
required when f,, > f,, and a simpler circuitry 
may be used for the local oscillator. For examp- 
le, if the signal frequency varies from 500 to 1000 
kHz and the IF must be 250 kHz, then with the 
local-oscillator frequency chosen to lie below 
the signal frequency, it would have to be varied 
from 500 — 250 = 250 kHz to 1000 — 250 = 
= 750 kHz, that is, by a factor of three. When, 
on the other hand, f,, > f,, the local-oscillator 
frequency needs to be varied from 500 + 250 = 
= 750 kHz to 1000 + 250 = 1250 kHz, or by 
a factor of less than two. 

In our subsequent discussion, the intermedia- 
te frequency f; will be taken to mean the 
difference frequency. 

The name ‘intermediate frequency’ has come 
about historically. The point is that in super- 
sonic heterodyne receivers, most commonly 
called superheterodyne receivers or simply su- 
perhets, all incoming signals are translated so 
that the carrier frequency is changed to a lower 
value constant for all carriers and most of the 
predetector amplification is then effected at this 
frequency as an intermediate step in reception. 
The IF is then detected to yield a signal at an 
audio frequency F. (In some of the existing 
superhet receivers, the IF lies above f,.) 
Therefore the term ‘intermediate frequency’ 
ought to be construed in the sense that the IF 


amplifier stages are placed in a superhet receiver 
between the RF stages handling the incoming 
frequencies f, and the AF stages delivering the 
audio frequencies F. 

Various nonlinear devices may be used for 
frequency conversion. For example, the fre- 
quency converters (mixers) of UHF and SHF 
receivers use semiconductor diodes. Transistors 
are used for frequency conversion in the UHF, 
VHF and lower frequency bands. 

Frequency conversion occurs as follows. The 
mixer, which is a nonlinear device, is fed voltages 
at f, and f,,. The current flowing through the 
device is thus made to pulsate at these two 
frequencies, and the nonlinearity of the device 
gives rise to components at combination fre- 
quencies. The output resonant circuit is tuned to 
resonate at one of them, usually at the difference 
frequency, f; = f;, —f,. It presents a high impe- 
dance only to the current at that resonance 
frequency, so it delivers an amplified voltage 
only at f;. 

In this way, the output resonant circuit 
extracts the intermediate frequency. 

In frequency converters it is vitally important 
to avoid coupling between the signal circuits 
and the local-oscillator circuits. As a rule, both 
contain resonant circuits. If no measures were 
taken to the contrary, coupling between them 
might allow the resonant circuits to affect one 
another, thereby disturbing the tuning. Also, the 
stability of the local oscillator would be impai- 
red and, if there is no r.f. amplifier, stray 
radiations originating in the local oscillator 
might be emitted by the antenna (known as the 
heterodyne whistle). Furthermore, a strong in- 
coming signal, such as one from a nearby radio 
station, might break through to the local oscil- 
lator and cause it to generate the same frequency 
despite the fact that the resonant circuit of the 
local oscillator has been tuned to resonate at 
Sto =F, + f,. The local oscillator is then said to be 
in a lock-in with the incoming signal. This is an 
undesirable occurrence because when the signal 
and local-oscillator frequencies are the same, no 
intermediate frequency can be produced, and no 
reception is possible. 

Two simple frequency converters are shown 
in the circuit diagrams of Fig. 6-12. In the 
circuit of Fig. 6-12a, the mixer diode accepts a 
voltage at the signal frequency f, and a voltage at 
the local-oscillator frequency f,,. The L C-circuit 
is tuned to resonate at a new (intermediate) 
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Fig. 6-12 
Frequency conversion circuits 


Fig. 6-13 
Transfer characteristic of a transistor 


frequency. In the CE circuit of Fig. 6-125, the 
two voltages are fed to the base of a bipolar 
transistor. A similar circuit can be set up, using 
a FET connected in the common-source (CS) 
configuration *. A drawback common to both 
arrangements is that no measures are taken to 
avoid coupling between the signal source and 
the local oscillator. This coupling may some- 
what be reduced in the bipolar-transistor circuit 
by placing the local oscillator in the emitter lead 
(or in the source lead in the case of a FET). Quite 
a number of arrangements have been developed 
which effectively decouple the signal and local- 
oscillator circuits. 

Let us go through the frequency conversion 
process in a bipolar-transistor circuit with the 
aid of simple mathematical relations. The con- 
trol (or dynamic transfer) characteristic, i, = 
= f (vp), of the transistor is shown in Fig. 6-13. 
The signal voltage v, = V,,, sin @,¢ and the local- 
oscillator voltage v,, = sin @,,¢ are applied 
to the transistor base. 

The collector current may be written as 


ig = 169 + GmVYnto SIN Wigt + JmVing SIN Ot (6-36) 


mlo 


* FETs are discussed in Sec. 7-1. 


where g,, = ¥21- 18 the forward transconduct- 
ance of the transistor, defined as Ai, /Avp,.* 

Because a transistor is a nonlinear device, its 
dynamic transfer characteristic is likewise non- 
linear, and its forward transconductance itself is 
a function of voltage. Let us deem that the 
forward transconductance varies under the 
influence of the local-oscillator voltage. For 
simplicity we assume that the characteristic is 
quadratic (a parabola); if so, the forward trans- 
conductance will vary linearly as 


Im = Imo + Imm SiN @,,¢ (6-37) 


where g,,. = initial forward transconductance 
at the Q-point (in the quiescent 
state) 
Imm = peak value of the forward trans- 
conductance. 
On substituting the two transconductances in 
Eq. (6-36) and carrying out some manipula- 
tions, we obtain 


io = I69 + (Gmo + Im m S10 Ot) Vortg SID Ot 
+ (Jmo + Imm SiN Mot) V,,, SiN Ot 
= 169 + JmoVmito SID Opt + Im mVinio SiN? Wj 
+ ImoVng 810 Ost + Im mVing SiN ©), SIN Ot 
(6-38) 
As trigonometry tells us, 
sin? a = (1 — cos 2a)/2 
and 
sina sin B = cos(a — B)/2 — cos(a + B)/2 
Therefore, we may write 
ic = 169 + GmoVinto SID Ojot + Im mVinto/ 2 
= Im mV into COS 2Mjot/2 + Imo Ving SIN Ot 
+ Jn mVmng COS (®1, — ,)/2 


— Imm VinsCOS (@,, +O a) 1/2 (6-39) 


Thus, the nonlinear properties of a transistor are 
responsible for the fact that the collector current 
contains a direct component, the local-oscillator 
frequency, the signal frequency, the second 
local-oscillator harmonic, and new components 
at the difference and sum frequencies. It is one of 
these new components that may be used as the 
intermediate frequency. Because the characte- 
ristic of a transistor is usually more complex 

* There is no consensus on the symbol for this 
quantity. Most authors give it the symbol g,, by 
analogy with electron tubes. Others symbolize it as 
Y,, , still others as g,, or even as g,,.— Translator's 
note. 
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than a parabola, the forward transconductance 
is a nonlinear function of voltage. This gives rise 
to further components at various combinations 
of frequencies, that is, to ever more intermodu- 
lation products. 

In Eq. (6-39), the currents at the difference 
and sum frequencies have the same amplitude 
equal to 


Inc IF = Im minal = (6-40) 


The ratio Lcw/Vmng = Je IS given the special 
name of conversion transconductance; it shows 
how effective a given stage is in terms of 
frequency conversion. It follows from Eq. (6-40) 
that 


Jo = Im/2 


That is, g, does not exceed half the maximum 
change in the forward transconductance at the 
Q-point. As V,,,, is raised, so is the change in the 
transconductance, leading to a higher value of 
Jm and, in consequence, of g,. 

The IF voltage appearing at the stage output 
is given by 
(6-41) 


where R, is the load resistance, that is, the 
opposition presented by the output resonant 
circuit tuned to resonate at the intermediate 
frequency. 

On re-writing, we have 


V, ib CP APY = IRV ns 


m 


Ving IF > Inc wR, 


(6-42) 


Hence, the gain of a transistor amplifying stage 
is 


k= Vig 1F/ Ving = gR, (6-43) 


6-6 Inherent Noise in Transistors 


At high amplification, a pair of headphones or 
a speaker plugged into the output of an ampli- 
fier or receiver will give out a characteristic 
hissing sound even when no valid signal is fed to 
the input. The same kind of noise can be heard 
from any radio receiver on shorting together its 
input terminals so as to avoid picking up any 
extraneous signals. The higher the amplifica- 
tion, the stronger this inherent receiver noise. 

As studies have shown, the currents and 
voltages in any electric circuit are always fluc- 
tuating at random owing to the thermal agita- 
tion of electrons. As the temperature around 
a circuit rises, the fluctuations build up. 
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Fig. 6-14 
Current fluctuations 


All currents (base, collector and emitter) of 
a transistor are subject to fluctuations. After 
amplification, they produce, when received by 
ear, fluctuation or random noise which is inherent 
(or intrinsic) to the device. Therefore, we may 
call it inherent noise even when incoming signals 
are not converted to audible signals. 

Any direct current is not exactly constant in 
magnitude, but contains what may be called an 
alternating noise component J, in addition to its 
direct component J,. The point is that owing to 
thermal motion the number of electrons passing 
through the cross-sectional area of any conduc- 
tor during small equal time intervals is varying 
continuously rather than remains constant. 
Current fluctuations are illustrated in Fig. 6-14 
where the noise current is shown on an exagge- 
rated scale (ordinarily, it is vanishingly small in 
comparison with I). 

It has been postulated theoretically and veri- 
fied by experiment that noise current is a sum of 
alternating sinewave components at frequencies 
ranging from zero to extremely high. Any ampli- 
fier (or any other device) can, however, pass 
frequencies within some particular range. 
Therefore, the amplifier output delivers only the 
noise components whose frequencies fall within 
this frequency range called the bandwidth of the 
amplifier, B. The larger the bandwidth, the 
greater is the proportion of noise that will be 
passed by the device or circuit. 

The inherent noise of transistors limits the 
sensitivity of radio receivers or other devices 
intended to detect, amplify and/or measure 
weak signals. If valid signals are weaker than 
inherent noise, they will be drowned or masked 
by noise in part or even completely, and poor or 
no reception will result. 

In any resistor, the fluctuations that take 
place in it give rise to a noise emf. The rms value, 
E,,, of noise emf generated in a resistor or any 
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circuit of resistance R is given by Nyquist’s 
equation 


E,, = (4k TRB)*!? 


where £,, = rms value of noise emf 
k = Boltzmann’s constant, 1.38 x 10773 
JK 
T = absolute temperature of the resistor 
For practical calculations and at room tem- 
perature, this equation takes the form 


E,, = (RB)!!2/8 (6-45) 


where E, is in microvolts, R in kilohms, and Bin 
kilohertz. 

For example, with R = 40 kQ and B= 10 
kHz, we have 
E,, = (40 x 10)'/?/8 = 20+8=2.5 pV 

It is to be noted that inherent noise is 
produced in semiconductor diodes as well, but it 
has to be taken into account only when the 
diodes are used in the first stage of microwave 
receivers. 

There are several sources of noise in a tran- 
sistor. Some of them are described in brief 
below. 

Thermal noise is due to the thermal agitation 
of electrons in any resistor. Because any of the 
transistor regions possesses a resistance, there 
will occur asnoise voltage. Since the emitter and 
collector regions have a relatively low resistan- 
ce, thermal noise in a transistor mainly comes 
from the base resistance rg, the more so that it is 
connected in the input circuit and its noise is 
amplified by the transistor itself. 

Shot noise (also known as Schottky noise) 
comes about from fluctuations in the injection 
and extraction of carriers into and from the 
emitter and collector junctions. 

Partition noise occurs due to random fluctua- 
tions in the division of the emitter current 
between the base and collector. 

Recombination noise has its origin in the 
random fluctuations of carrier (electron and 
hole) recombination. 

There are also further causes of noise due to 
the random fluctuations in the leakage currents 
in the surface layers of semiconductors and 
some other factors. The result is what is known 
as excess or flicker noise. 

Noise power or voltage increases with in- 
creasing bandwidth within which the effect of 
noise manifests itself. 

The noise characteristics of transistors are 


(6-44) 


Devices 


often specified in terms of the so-called noise 
figure, F,,. As with two-ports having a generator 
connected to the input terminals, it is defined as 
follows. 

The influence of noise is always characterized 
by the ratio of signal power P, to noise power 
P., (the signal-to-noise-power ratio). At the 
output, this signal-to-noise-power ratio is al- 
ways smaller than it is at the input because at the 
output the two terms appear amplified by 
a factor of kp, but the transistor adds its inherent 
noise power P,, ;, to the noise power. The noise 
figure shows how many times the available 
signal-to-noise-power ratio at the input (signal- 
generator) terminals is greater than the avail- 
able signal-to-noise-power ratio at the output 


Psinl Pwin 


= (6-46) 
: Ry out/ Pa out 
Or, in decibels, 
F = 10 log, oF, (6-47) 


An F,, of 10, 100 and 1000 is respectively equal to 
an F of 10, 20, and 30 dB. 

State-of-the-art transistors have an F of 
about 3 to 30 dB (on average, 10-20 dB). The 
noise figure is usually specified in data sheets for 
a frequency of 1 kHz and a temperature of 20°C. 

The magnitude of transistor noise depends on 
the transistor parameters, mode of operation, 
and the internal resistance of the signal source, 
R,,. The lower the alpha current gain of a 
transistor, the higher its noise. The point is that 
a decrease in the alpha current gain is accom- 
panied by a rise in the base current, so it 
produces across r, a higher noise voltage which 
is further amplified by the transistor. Also, as the 
alpha current gain falls, more carriers recom- 
bine in the base, and the recombination is one of 
the causes of inherent noise in transistors. _ 

Noise also goes up with increasing rg and igo. 
The kind of semiconductor material also affects 
the noise level. For example, silicon transistors 
are more noisy than germanium devices. A 
reduction in uc, and i, can reduce noise, but to 
a certain definite limit only because very small 
values of vc, and i, result in a low value of the 
alpha current gain, and this might lead to 
a build-up in noise. For noise to be kept to 
a minimum, R,, must be held at some optimal 
value, usually several hundred ohms. A rise in 
temperature brings about a sudden increase in 
the inherent noise of transistors. Theory and 
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Noise figure of a transistor as a function of frequency 


experience show that, with all other conditions 
being equal, transistor noise has about the same 
magnitude for all the three basic circuit confi- 
gurations: CE, CB, and CC. 

Noise is distributed with frequency other than 
uniformly. It is seen from Fig. 6-15 that at 
medium frequencies F has a minimal and appro- 
ximately constant value. The lower frequency 
limit f, of this range is several kilohertz. At 
frequencies below /, there is an increase in excess 
(or flicker) noise, and as a result F is increased. 
At frequencies above f, there is an increase in 
F owing to a reduction in the alpha current gain. 
The value off, may be several hundred kilohertz 
or even more. As f, goes up, so does f, which is by 
a factor of about B*/? lower than f,. 

All of the above relations are taken into 
account in the manufacture of special-purpose 
low-noise transistors for the early stages of 
amplifiers and radio receivers. For noise to be 
a minimum, such transistors operate at reduced 
values of uc, and i,, and their temperature must 
be kept low. These transistors have high values 
of a and f,, but low values of ry, and igg. 

Good transistors are less noisy than tubes at 
medium frequencies, but are more noisy at low 
and high frequencies. 


6-7 Basic Types of Bipolar Transistors 


Existing transistors may be classed by techno- 
logy, material, service, frequency range, power 
output, and some other factors. As already 
noted, point-contact transistors, although they 
were invented first, are no longer used. The 
semiconductor materials used in the manufac- 
ture of transistors are only germanium and 
silicon, but it appears that some other materials 


will also be used in the future. In terms of power 
dissipation, transistors are classed into low- 
power, medium-power, and high-power, the 
respective figures of P..,,, being up to 0.3 W, 
from 0.3 to 1.5 W, and over 1.5 W. In terms of 
frequency limit (gain-bandwidth product), tran- 
sistors are classed into low-frequency types 
(capable of operation at up to 3 MHz), medium- 
frequency (from 3 to 30 MHz), and high-fre- 
quency (over 30 MHz). 

In most transistors, the prevailing mechanism 
is the injection of carriers in the emitter junction, 
but there is a group of transistors which operate 
without injection. Among them are field-effect 
transistors, or FETs (see Chap. 7). 

The most commonly used devices are bipolar 
transistors with two p-n junctions. Their opera- 
tion has been examined in detail in the previous 
sections. They may be classed into drift transis- 
tors in which the transfer of minority carriers 
through the base is mainly by drift, that is, under 
the influence of an accelerating electric field, and 
diffusion transistors in which this transfer is 
mainly by diffusion. Diffusion transistors ought 
not to be confused with diffused transistors. The 
term ‘diffusion transistor’ defines a transistor 
relying on the dissemination of carriers for the 
flow of current. A diffused transistor is that in 
which the emitter and collector junctions are 
both formed by the diffusion technology. 

It is to be noted that, given a heavy injection 
of carriers from the emitter, an electric field will 
be set up in the base even in diffusion transistors, 
so the transfer of carriers there will not be by 
diffusion alone. By the same token, some carri- 
ers are transferred by diffusion even in the base 
of drift transistors despite the fact that the main 
mechanism of transfer is drift. 

In diffusion transistors, the impurity concen- 
tration is the same throughout the base region. 
As a result, no electric field is set up, and the 
carriers diffuse from emitter to collector. The 
velocity of motion due to diffusion is lower than 
that due to drift in an accelerating field. In 
consequence, diffusion transistors can operate 
at lower frequencies than drift devices. 

In drift transistors, the electric field of the base 
accelerates minority carriers as they move to- 
wards the collector. In consequence, they have 
a higher frequency limit and a greater current 
gain. The electric field is produced in the base 
due to the fact that the impurity concentration is 
not the same at various points in the base. This 
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can be produced when p-n junctions are fabri- 
cated by the diffusion process. As already not- 
ed, such devices are called diffused transis- 
tors. 

The electric field in the base of a diffused 
transistor is brought about as follows. Let, as an 
example, the base contain a donor impurity so 
that n-type (or electron) conduction is produced. 
If the concentration of this impurity near the 
emitter junction is greater than it is near the 
collector junction, there will be a proportionate 
difference in the concentration of majority car- 
riers (electrons in our case) in the base. It will be 
higher at the emitter junction. Owing to this 
concentration gradient, some electrons move to 
the region of a lower concentration, that is, 
towards the collector junction (Fig. 6-16). The 
base comes by a difference of potential (with the 
“ — ” side near the collector and the “ + ” side 
near the emitter) which sets up an electric field. 
This field retards the majority carriers, that is, 
impedes any further travel of electrons. At 
equilibrium, the effect of the potential difference 
on electrons is counteracted by the difference in 
concentration (the concentration gradient), and 
the base acquires an electric field which accele- 
rates the minority carriers (holes) injected from 
the emitter. 

Diffusion transistors may have alloyed or 
fused junctions formed by the same technology 
as diodes. These are alloyed-junction (or fused- 
junction) transistors. In sketch form, their struc- 
ture is shown in Fig. 6-17. It is essentially an 
n-type semiconductor wafer, with two dots 
containing p-type impurities fused, or alloyed, 
into the opposite sides of the wafer to provide an 
emitter and a collector junction. Since the 
collector junction is to dissipate more power, it 
is usually made larger in size than the emitter 
junction. Alternatively, a symmetrical transistor 
can be fabricated in which the two junctions are 
the same in size. 

Leads are then made to the emitter and 
collector, and the base connection is the shape of 
a ring as a way of reducing the series base 
resistance. The transistor is packaged in a sealed 
metal case through which the leads are passed 
inside glass insulators. In many transistors, one 
of the leads (the base or collector lead) is 
connected to the case. 

In alloyed-junction transistors the base can- 
not be made very narrow, and so they are 
intended for operation at only low and medium 


Semiconductor Devices 


Fig. 6-16 
Structure of a drift transistor 


Fig. 6-17 
Structure of an alloyed transistor 


frequencies. When a narrow base is produced by 
the alloying process, its width differs from one 
place to another. In order to avoid a punch- 
through, the voltage across the collector junc- 
tion has to be lowered, and this reduces the 
power rating of the transistor. 

In high-power alloyed-junction transistors, 
the junctions have a larger surface area because 
they are made in the form of strips or rings. For 
better heat withdrawal, the collector of such 
transistors is welded to the case whose bottom is 
a substantial copper block (a heat sink). Because 
of this, the collector lead in high-power transis- 
tors is usually connected to the case. 

Alloyed-junction transistors are available in 
power ratings from 10 mW to tens of watts. One 
of their advantages is that the collector and 
emitter junctions can withstand a reverse vol- 
tage of as high as 50-70 V in the case of 
germanium and 70-150 V in the case of silicon. 
This is an important advantage for high-power 
and switching transistors. Owing to the low 
emitter, base and collector resistances, alloyed- 
junction transistors are able to handle heavy 
currents when used in the switching mode. 
However, frequency limit, f,, cannot be made 
higher than 20 MHz. Another limitation of 
alloyed-junction transistors is a marked spread 
in parameters and characteristics among tran- 
sistors of the same type. 

Drift transistors are made for operation at 
current-gain cutoff frequencies which are tens of 
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times higher than they are for alloyed transis- 
tors. They owe this advantage above all to a 
reduction in the transit time of carriers through 
the base. As a rule, drift transistors are fabrica- 
ted by the diffusion method which permits a very 
thin base to be made. Since a graded collector 
junction is produced, its capacitance is a small 
fraction of what it is in alloyed-junction transis- 
tors. Owing to a very narrow base, the alpha and 
beta current gains are appreciably greater than 
they are in alloyed-junction transistors. Impor- 
tantly, the diffusion method makes it possible to 
fabricate transistors to closer tolerances and 
with a smaller spread in parameters and charac- 
teristics. 

Alloyed-diffused (or diffused-alloyed) transis- 
tors differ in that they have an alloyed emitter 
junction and a diffused base region and a 
diffused collector junction. Many of the Soviet- 
made transistors are fabricated by the alloying- 
diffusion process. As an example, Fig. 6-18a 
shows a form of an alloyed-diffused germanium 
p-n-p transistor. It is basically a p-type germa- 
nium wafer used as the collector, in which two 
depressions are made where a thin base region is 
produced by diffusing a donor impurity, such as 
antimony. The base region and the wafer form 
between them a collector junction. The p-type 
emitter region is produced by fusing a dot of an 
alloy containing an acceptor impurity, such as 
indium, into the base region. The base lead is 
likewise produced by fusing a dot of an alloy 
containing antimony. In this design, it is usual to 
connect the collector to the case. A similar 
method can be used to make n-p-n transistors 
and silicon transistors. Alloyed-diffused transis- 
tors can operate at frequencies as high as 
hundreds of megahertz, but at low power levels 
(100-150 mW at most). They have a thin emitter 
junction, and so it can stand up only to low 
reverse voltages. 

Conversion transistors are interesting in that 
they can be made with a thin base region of 
a large surface area so essential for high-power, 
high-frequency transistors. In conversion tran- 
sistors, a diffused emitter junction is formed 
owing to the reverse diffusion of an impurity 
from the semiconductor into the metal of the 
emitter electrode. This purpose is served by 
a germanium wafer (the source material) which 
simultaneously contains donor and acceptor 
impurities. The acceptor impurity may be cop- 
per which, when the emitter alloy is fused into 


Fig. 6-18 


Structure of (a) an alloyed-diffused transistor and (5) 

mesa transistor: (/) collector substrate; (2) collector 

(source material); (3) diffused base layer; (4) emitter 
alloy; (5) base lead alloy 


the wafer, diffuses eagerly from the germanium 
into the emitter. As a result, the concentration of 
the acceptor impurity in the germanium layer 
adjacent to the emitter is suddenly reduced and 
an n-type base region is thus produced. This 
reversal of conduction is called conversion. 

Conversion transistors have a relatively low 
value of C, and are able to operate at relatively 
high voltages across the collector junction. They 
show a good stability and a relatively small 
spread in parameters and are convenient to 
make. Unfortunately, they permit a very low 
maximum reverse voltage across the emitter 
junction. 

Mesa transistors. This type of transistor is 
produced as has been explained with regard to 
diodes in Sec. 3-8. Owing to the production 
method used, a great number of mesa transistors 
can be fabricated at a time from a single wafer of 
the source semiconductor, so that the spread in 
parameters between the individual devices is 
greatly reduced. As the first step, a base layer 
a few micrometers thick is produced by the 
diffusion process on the surface of a germanium 
chip which is to be used as the collector. For 
each transistor, a tiny pellet of an appropriate 
impurity is fused into the base layer in order to 
produce an emitter region and the base terminal. 
Then, a masking compound is applied to small 
areas around the base and emitter and the 
remaining material of the chip is etched away. 
When the etching step is complete, the base and 
emitter regions appear as plateaus, or mesas, 
above the collector region. The wafer is then 
diced into individual transistors. In sketch form, 
the structure of a separated transistor is shown 
in Fig. 6-185. As an example, it shows a p-n-p 
germanium transistor. 

Mesa transistors have low values of junction 
capacitances (their C, is less than 1 or 2 pF), 
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a low value of rg, and are able to operate at 
frequencies up to several megahertz. It is also 
convenient that heat can readily be drawn away 
from the collector because it has a terminal 
contact of a fairly large surface area. 

The best among diffused transistors are pla- 
nar transistors. In them the p-n junctions are 
formed by the diffusion of impurities through an 
opening in a protective coat applied to the 
surface of a semiconductor so that the emitter, 
base and collector regions come all to the same 
plane surface, that is, terminate in the same 
geometrical plane—hence the name ‘planar’. 
Planar transistors are usually fabricated from 
silicon because the silicon oxide film on its 
surface can serve as an effective masking mate- 
rial. The silicon wafer covered by an oxide film 
forms the collector region. The area designed to 
serve as thé base region is stripped off its oxide 
film by etching, and the base region is produced 
by the diffusion process. Then all of the surface is 
again given an oxide coat (this operation is 
known as passivating), after which the etching 
and diffusion steps are repeated to produce an 
emitter region which is situated in the middle of 
the base region. Following that, terminals are 
deposited in the form of metal layers through the 
mask. The structure of a planar transistor is 
shown in Fig. 6-19. Planar transistors have 
shown a consistently good performance and 
have found many applications. They are conve- 
nient to fabricate and can be made for different 
power ratings and high current-gain cutoff 
frequencies. It may be added that the planar 
technology is also used to fabricate transistor 
and diode elements in integrated circuits. 

Epitaxial-planar (or planar-epitaxial) transis- 
tors are a further step forward in the planar 
technology. Conventional planar transistors 
have a collector region of a relatively high 
resistance which is a disadvantage. For example, 
when such a transistor is operating as a switch in 
the saturated region, its saturation resistance 
Rgat iS very high. It could have been reduced by 
using a collector material of a lower resistivity, 
but this would have led to a higher value of C, 
and a lower breakdown voltage of the collector 
junction. These limitations are all nonexistent in 
epitaxial transistors in which a layer of a higher 
resistivity is sandwiched between the base and 
the low-resistance collector. In the fabrication of 
such transistors, a thin layer of, say, n-type 
semiconductor which has a high resistivity is 
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Fig. 6-19 
Structure of a planar transistor 
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Fig. 6-20 


Structure of a planar-epitaxial transistor 


deposited onto a low-resistivity collector sub- 
strate of the same type of conduction, following 
which the base and emitter regions are produced 
by the planar technology (Fig. 6-20). 

The process by which a layer having the same 
structure as the parent wafer but a different 
resistivity is deposited is called epitaxial growth. 
The resulting structure, designated as n*-n, is 
part of the collector. The “ +” sign labels the 
region which has a higher impurity concentra- 
tion, that is, a higher conductivity. 

The epitaxial-planar transistor we have taken 
as an example combines the low resistance of the 
collector with a low collector-junction capaci- 
tance C, and a relatively high Voy max. Epitaxial 
technology is widely used in the fabrication of 
integrated circuits. 

There are other special transistor types which 
have not yet found a very broad field of appli- 
cation. They include, for example, p-n-i-p tran- 
sistors in which the base has a relatively low- 
resistive n-type layer from which a terminal is 
made and also an additional i-type layer of 
a higher resistivity. The low-resistivity layer of 
the base brings down rg, and its high-resistivity 
layer reduces Co and raises Veg max- Similar 
properties are found in -p-i-n transistors. 

Of special interest are avalanche transit-time 
transistors which utilize the avalanche multipli- 
cation of carriers, that is, they operate at Vig 
exceeding the value considered normal for ope- 
ration in the amplification mode. Under certain 
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Fig. 6-21 
Electrode structure of high-power microwave 
transistors: (a) interdigitated; (b) overlay. 
(J) Base lead; (2) emitter region; (3) emitter lead 


conditions, an avalanche transit-time transistor 
will have a negative input resistance and an 
alpha current gain of more than unity. For this 
reason, they are ideally suited for use in pulse 
circuits to generate short pulses, and as switches. 

Microwave transistors. It is attractive to use 
transistors for amplification at microwave fre- 
quencies because they need lower supply 
voltages than other semiconductor amplifying 
devices and tubes. However, their fabrication 
poses a number of engineering problems. At this 
writing, both low-power and high-power bipolar 
transistors fabricated from germanium, silicon 
and gallium arsenide are available commercially 
for operation at frequencies from units to several 
tens of gigahertz. The best results are obtained 
when microwave transistors are fabricated by 
planar technology. Notably, this technique is 
used to make microwave n-p-n transistors from 
silicon. High-power microwave transistors can 
deliver a pulse power of as much as 100 W at 
frequencies as high as 1 GHz, and 5 to 10 W at 
4 or 5 GHz and higher. 

Low-power transistors are extremely small in 
size. For example, a silicon wafer 40 mm in 
diameter can be used to form as many as 
8 thousand transistors, each measuring 0.4 x 
x 0.4-mm square. As a rule, individual transis- 
tors are left unpackaged and are used in micro- 
circuits. 

Bipolar microwave transistors ordinarily use 
contacts (metallization) configured so that the 
emitter region consists of a number of narrow 
strips or small dots. This serves to reduce the 
series base resistance and the detrimental ‘cur- 
rent crowding’ effect—an outward bulging of 
electric flux lines at the edges. The contact 


(metallization) geometry is especially important 
for high-power transistors because the ‘current 
crowding’ effect is particularly strong at heavy 
currents. Several metallization geometries are 
currently in use. Two of them are shown in 
Fig. 6-21. The onein Fig. 6-21ais known as the 
interdigitated structure. Here the emitter takes 
the form of several long thin fingers (hence the 
name ‘interdigitated’ from the Latin digit for 
finger), and the emitter and base contacts (metal- 
lization) alternate. The other in Fig. 6-215 is 
known as the over/ay structure. Here the emitter 
consists of many emitter dots (squares or cir- 
cles). All the emitters are connected in parallel 
by the emitter metallization laid over a coat of 
protective oxide film. A large surface area is not 
needed for the junctions of low-power transis- 
tors, so they can be fabricated by the same 
principle but with a smaller number of fingers 
(Fig. 6-22) as little as 20-30 tm long and a few 
micrometers wide. 

An important factor for the operation of 
a microwave transistor is the design of its case 
(package) and leads. They are chosen so as to 
minimize the effect of stray capacitances and 
inductances. Most commonly, cases have strip- 
line leads, and those of higher-frequency devices, 
coaxial connections. 
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Electrodes of a microwave transistor: (/) base; (2) 
emitter; (3) oxide film 
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Transistors are enclosed in cases, or packages, 
sealed against ingress of moisture and differing 
in design. They may be metal-glass, metal- 
ceramic, and plastic. Some low-power transis- 
tors are left unpackaged, but are encapsulated in 
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a protective varnish or epoxy resin. In higher- 
power transistors, it is customary to connect the 
collector to the case, and the case is screwed to 
the equipment chassis for better heat abstrac- 
tion. 


Chapter Seven 
Field-Effect Transistors and Thyristors 


7-1 Field-Effect Transistors 


Field-effect transistors (FETs for short), also 
known as unipolar transistors so as to tell them 
from bipolar devices, are extremely widely used 
semiconductor devices. The idea of using FETs 
was first advanced way back in 1952 by 
W. Shockley, one of the inventors of the bipolar 
transistor. A major advantage of FETs is a high 
input resistance which may be comparable with, 
or even greater than, that of vacuum tubes. At 
this writing, there is a growing trend for FETs to 
oust bipolar transistors in many applications. 
The structure and connection of a p-n jun- 
ction FET, or a JFET and its diagram symbol 
are shown in Fig. 7-1. It is essentially, say, an 
n-type semiconductor wafer which has at its 
opposite ends a pair of terminals (contacts or 
electrodes) for connection into the output (con- 
trolled) circuit of an amplifying stage. This 
circuit is energized from a supply voltage source 
£, and contains a load resistance, R,. The 
output current flowing along a JFET is con- 
stituted by majority carriers which are electrons 
in our example. The input (control) circuit of the 


Fig. 7-1 
Connection of an n-channel JFET in a circuit and its 
graphical symbol 


JFET is formed with the aid of a third electrode 
made to a region of an opposite type of con- 
duction which is a p-type region in our example. 
The input supply voltage source E, produces 
a reverse voltage across the only p-n junction of 
the JFET. No forward voltage is applied to the 
p-n junction because the input resistance would 
have been very small. The signal source (or 
signal generator, SG) is connected in the input 
circuit. 

Physically, a JFET operates as follows. When 
the input voltage is varied, a change occurs in 
the reverse voltage across the p-n junction, and 
this varies the width of the depletion (barrier) 
layer bounded by the dashed lines in Fig. 7-1. 
Accordingly, a change occurs in the cross- 
sectional area of the region through which the 
stream of majority carriers, that is, the output 
current, passes. This region is called the channel. 

The electrode emitting majority carriers into 
the channel is called the source (S) and the 
electrode collecting them is called the drain (D). 
Obviously, the source and drain of a JFET are 
analogous to the cathode and anode of a 
vacuum tube, respectively. The control elec- 
trode intended to vary the cross-sectional area 
of the conducting channel is called the gate (G) 
and is similar to a certain extent to the grid of a 
vacuum triode or the base of a bipolar tran- 
sistor. Of course, different physical principles 
underly the operation of the gate and the base. 

As the gate voltage vgs is increased, so does 
the width of the depletion layer in the p-n 
junction, but the cross-sectional area of the 
conducting channel is reduced. In consequence, 
its d.c. resistance Ry increases and the drain 
current ip decreases. At some value of the 
source-to-gate voltage, called the pinch-off vol- 
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tage and symbolized as vggp,* the cross-sec- 
tional area of the channel reduces to zero and i, 
falls to an extremely small value. As a result, the 
JFET is turned off. Conversely, at vgs equal to 
zero, the channel has a maximum cross-sec- 
tional area, Ry is a minimum (say, several 
hundred ohms), and ip is a maximum. For the 
input voltage to be most effective in controlling 
the output current, the semiconductor material 
in which the channel is formed must have a high 
resistivity, that is, a low impurity concentration. 
Then, a wide depletion layer will be formed 
there. Also, the initial width of the channel (at 
Vgs = 0) must be sufficiently small. As a rule, it 
does not exceed a few micrometres. In the 
circumstances the pinch-off voltage will be se- 
veral volts. 

Since the potential builds up on moving along 
the channel towards the drain, the reverse 
voltage across the p-n junction is greater closer 
to the drain, and a wider depletion layer is 
formed there. 

JFETs can be fabricated by the alloying 
method and the diffusion method. JFETs fa- 
bricated by the diffusion method show a better 
performance. Figure 7-2 illustrates the structure 
of a diffused JFET fabricated by epitaxial-pla- 
nar technology. Devices with n-type source and 
drain regions and hence an v-type channel are 
referred to as n-channel JFETs and those with 
p-type regions as p-channel JFETs. The example 
shows a p-channel JFET (of course, an n-chan- 
nel JFET could have been shown instead). The 
source and drain regions are usually made to 
have an enhanced p*-type conduction so as to 
reduce the useless voltage drop across and the 
loss of power in those regions. This arrangement 
provides for an increase in the width of the 
depletion layer mainly towards the channel, 
thereby augmenting the control effect of the 
gate. The transistor chip (the substrate) is an 
n-type region from which a lead is often made. 
Then the substrate can be used as an additional 
gate. By applying, say, a constant voltage to it, it 
is possible to set the initial channel width. 

Alloyed JFETs are low-frequency devices 
while diffused JFETs are able to operate at 
frequencies of tens or even hundreds of me- 
gahertz. It is to be stressed that the majority 


* Some authors designate it as V).—Translator’s 
note. 
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Fig. 7-2 
Structure and graphical symbol of a planar-epitaxial 
, p-channel JFET 
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Fig. 7-3 
Drain-gate characteristics of an n-channel JFET 


Fig. 7-4 
Output (drain) characteristics of an n-channel JFET 


carriers are caused to move through the channel 
by an accelerating field at a very high velocity, so 
the frequency limit is determined by the inherent 
capacitances of a JFET and not by the transit 
time effects. 

The control action of the gate is illustrated by 
the transfer, or drain-to-gate, characteristics, 
ip =f (gs) with vp, held constant (Fig. 7-3). 
Unfortunately, these characteristics are not con- 
venient for use in calculations, and resort is 
usually made to the output (or drain) charac- 
teristics. 

As is seen from Fig. 7-4, the output (or drain) 
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characteristics of a JFET relate the drain cur- 
rent, Ip, to the drain-to-source voltage, Ups, that 
iS, Ip = f (Ups) With vgs held constant. They show 
that with an increase in Ups at first ip rises at 
a fairly high rate, then its rise slows down, and 
finally ceases completely—the device reaches 
a state not unlike saturation. The point is that 
a rise in Ups Should have caused the drain current 
to rise as well, but since the reverse voltage 
across p-n junction also rises, the depletion layer 
widens, the channel’s width is decreased (that is, 
its resistance goes up), and ip is forced to fall. 
Thus, the current is exposed to two opposing 
effects at the same time so it remains practically 
constant. 

When a high negative voltage is applied to the 
gate, ip is reduced, and the characteristic is 
shifted downwards. 

In the long run, a continuous rise in drain 
voltage leads to an electric breakdown of the p-n 
Junction, and the drain current builds up cu- 
mulatively; this condition is shown in the figure 
by the dashed lines. The breakdown voltage is 
one of the absolute maximum ratings of JFETs. 

As a rule, JFETs are operated within the 
quietly sloping portion of their characteristics, 
that is, within the region which is called, 
somewhat misleadingly, the saturation region. 
The voltage atwhich a JFET enters this region is 
referred to as the saturation voltage, and the 
pinch-off voltage is sometimes called the cutoff 
voltage. 

It is to be noted that p-channel JFETs use 
supply voltages whose polarities are opposite to 
those shown in Figs. 7-1, 7-3, and 7-4 for 
n-channel JFETs. 

Several parameters are used to specify the 
performance of JFETs. The most important one 
is the mutual conductance or transconductance 
gm Similar to the y,, parameter of bipolar 
transistors.* It is given by 


(7-1) 


and may take on values up to several mil- 
liamperes per volt. 

The magnitude of transconductance is a mea- 
sure of the control action of the gate. For 
example, g,, = 3 mA/V indicates that a change 
of 1 V in gate voltage will produce a change of 
3 mA in drain current. 


Im = V2 = Aip/Avgs with vp, = const 


* More accurately it is termed the common-source 
forward transconductance and is often given the sym- 
bol g¢,.- Translator's note. 
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The second most important parameter is the 
output resistance rg, (or rg) similar to the 1/y,, 
parameter of bipolar transistors. This para- 
meter gives the a.c. resistance of a JFET as 
measured between its drain and source (the 
channel resistance). It is given by 


ras = 1/¥22 = Avps/Aip with vgs = const (7-2) 


Within the quietly sloping portion of the output 
characteristics ry, may be several hundred kil- 
ohms which is many times the d.c. resistance of 
a JFET, Ro. 

Sometimes, a third parameter, called the 
amplification factor w, is used. It shows how 
many times stronger a change in gate voltage 
affects drain current than a change in drain 
voltage. The amplification factor is given by 


(7-3) 


In other words, it is the ratio between the 
incremental changes Avy, and Avgg which ba- 
lance each other in their effect on i, with the 
result that the drain current remains unchanged. 
For this to happen, the incremental changes in 
Ups and vgs Must occur in opposite senses (they 
must take on different signs). This is the reason 
why there is a “—” sign on the right-hand side of 
Eq. (7-3). Alternatively, we may take the ab- 
solute value of the right-hand side. The amp- 
lification factor is connected to g,, and rg, by 
a simple relation of the form 


= Im! as (7-4) 


Within the quietly sloping portions of the 
output characteristics 1 may run into several 
hundreds or even thousands. At the start of the 
curves where they run steeply upwards (at low 
values of vps), all the three parameters take on 
small values. For a given set of operating 
conditions (a given mode of operation), g,, and 
rg, can be derived from the output charac- 
teristics by the two-point method such as used 
to construct the load line for bipolar transistors 
(see Chap. 5), and 1 can be found by Eq. (7-4). 

The input resistance of a JFET is found in the 
usual way 


pb = — Avps/Avgs with ip = const 


Vin = Atgs/Aig with vps = const (7-5) 

Because i, is a reverse current for the p-n 
junction and is therefore very small, r;,, is units 
or tens of megohms. A JFET also has an input 
capacitance between its gate and source, Cg, 
which is the barrier capacitance of the p-n 
junction and has a value of several picofarads 
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for diffused JFETs and tens of picofarads for 
alloyed JFETs. The transfer capacitance (that is, 
one from gate to drain), Cgp, has a lower value, 
the smallest capacitance being that between 
source and drain, Cgp, or the output capacitance 
of a JFET. 

Similarly to bipolar transistors, a JFET may 
be connected in any one of three basic circuit 
configurations. Figure 7-1 shows the most com- 
monly used common-source (CS) connection 
which is similar to the CE configuration. A CS 
stage yields a very high current and power gain 
and inverts the phase of voltage in the am- 
plification mode. Because R, usually is only 
a very small fraction of rg,, the stage voltage gain 
may approximately be written as 
kx g,Ry (7-6) 
which is similar to Eq. (6-4) applicable to the 
CE circuit. 

Figure 7-5 shows an equivalent circuit of 
a JFET with the CS connection. Since r;,, is very 
high, it may be neglected. At low frequencies, we 
may also neglect all capacitances in many cases. 
The equivalent constant-current generator (the 
Norton equivalent) g,,V,, ;, reflects the ampli- 
fication supplied by the JFET, and rg, is the a.c. 
resistance of the channel, that is, the output 
resistance. The signal source (or signal gene- 
rator) is connected to the input terminals, and 
the load to the output terminals. 

Practical amplifying stages ordinarily use 
a single supply voltage source E,, as shown in 
Fig. 7-6 for n-channel JFETs. In order to derive 
the direct reverse voltage to be applied to the 
control p-n junction, the source lead contains 
a resistor Rg shunted by a capacitor C,. The 
direct drain current Ip, produces across Rg 
a voltage drop 


Veso = Ino Rs 


which is applied via the signal generator SG to 
the p-n junction. The value of Rg is found by the 
equation 


Rg = Veso/1p0 

The values of Vogo and Ip 9 required for a given 
set of operating conditions (or mode of ope- 
ration) can be deduced from the output cha- 
racteristics. The capacitor C, provides a path for 
the alternating component of drain current. Its 
value must be such that its reactance at the 
lowest frequency, f,, could be a small fraction of 
R,. Then a small a.c. voltage drop will be 
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Fig. 7-5 
Equivalent circuit of a JFET 


Fig. 7-6 
JFET drawing power from a single supply 


produced across Cg. If C, is not provided or its 
value has been chosen too small, a substantial 
a.c. voltage will appear across Rg. It will be 
applied to the transistor input in anti-phase with 
U;, (negative feedback), so that the resultant a.c. 
voltage at the transistor input will be reduced, 
and the amount of amplification will be smaller. 

It is to be noted that this kind of negative 
feedback is sometimes deliberately used to im- 
prove the performance of an amplifier (by 
reducing distortion and improving the stability 
of its gain). 

The circuit of Fig. 7-6, often called a self- 
biased circuit because Vos applied to the p-n 
junction is derived as a self-bias voltage, cannot 
be used where the JFET has to be turned off. To 
demonstrate, the bias voltage Vg, is produced by 
the flow of drain current Ipo, but this current is 
zero when the JFET is turned off. If there is 
a need for the JFET to be turned off in the 
absence of input voltage v,,, resort is made to 
the circuit of Fig. 7-7. Here, E, is applied to 
a divider R, R,, and the direct voltage across R, 
is utilized as the cutoff bias voltage Vago. The 
value of R, is given by 
R, = Vego/I dv 


where J,, is the current through the divider; it is 
chosen relatively small so as to minimize the loss 
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of power supplied by the £, source. On the other 
hand, I, must be many times Ip) which appears 
when V,, is applied. The capacitor C does the 
same job as in the previous scheme. 

Sometimes the signal voltage supplied by the 
signal generator SG contains a direct com- 
ponent which ought not to reach the transistor 
input. To achieve this, the signal voltage is fed 
via a d.c. blocking capacitor C, (Fig. 7-8), and 
the bias voltage Vggo is applied via a resistor Rg 
which must have a high value so as to avoid 
a reduction in the input resistance of the stage. 

Figure 7-9 shows an n-channel JFET con- 
nected in a common-gate (CG) circuit and 
a common-drain (CD) circuit. The CG configu- 
ration is analogous to the CB configuration. It 
does not produce current amplification, and so 
its power gain is a small fraction of that supplied 
by the CS circuit. Its input resistance is low 
because the input current is the drain current. 
When used as an amplifier, this scheme does not 
invert the phase of output voltage. 

A common-drain (CD) stage (Fig. 7-95) is 
similar to an emitter follower and may be called 
a source follower. The stage voltage gain is unity 
very nearly. The output voltage follows the 
input voltage in both phase and magnitude. This 
configuration has a relatively low output re- 
sistance and an increased input resistance. Also, 
it has a smaller input capacitance so that the 
input resistance is raised at high frequencies. 

In addition to a high input resistance, JFETs 
have a number of other advantages over bipolar 
transistors. Because i, in JFETs is due to the 
motion of majority carriers whose concentra- 
tion is mainly governed by the impurity concen- 
tration and therefore is only slightly dependent 
on temperature, JFETs are less sensitive to 
temperature variations. They are able to operate 
over a wider range of temperature values. A rise 
in temperature only leads to a marked increase 
in the gate current (which is constituted by the 
minority carriers). Still, it remains sufficiently 
small, and the input resistance retains a high 
value. JFETs are less noisy and stand up better 
to ionizing radiations. In terms of radiation 
stability, JFETs come very closely to vacuum 
tubes. A disadvantage of many JFETs is 
a relatively small transconductance. 

As a rule, JFETs are fabricated from silicon 
because the gate current, which is the reverse 
current for the p-n junction, is then only a small 
fraction of its value for germanium. At 20°C, the 
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Fig. 7-7 


Fig. 7-8 
Input voltage applied via a d.c. blocking capacitor 


Fig. 7-9 


JFET connected in (a) the common-gate (CG) con- 
figuration and (b) the common-drain (CD) confi- 
guration 


direct gate current may be as lowas | nA, that is, 
10°°A. 

The more recently developed and probably 
more important devices are insulated-gate F ETs 
or IGFETs. In the most popular type which uses 
a metal gate, this metal gate is insulated from the 
semiconductor channel by a thin layer of oxide. 
This device is termed a metal on silicon dioxide 
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type or the metal-oxide-semiconductor field-ef- 
fect transistor, or MOSFET. 

The structure of and a graphical symbol for 
the MOSFET are shown in Fig. 7-10. The 
substrate is a high-resistance p-type silicon bar 
in which two low-resistance n *-type regions are 
produced. One of them is the source, and the 
other is the drain of the device. Each region has 
a lead for connection to an external circuit. The 
source and the drain are separated by an n-type 
layer where a conducting channel is formed. Its 
length from source to drain is usually several 
micrometres, and its width is hundreds of mi- 
crometres or even greater, depending on the 
current that a given MOSFET is to handle in 
service. The SiO, layer (shown shaded) is 0.1 or 
0.2 um wide. On top of the oxide layer is the 
gate in the form of a thin metal film. The device 
substrate is usually connected to the source 
electrode, and its potential is taken as datum 
(zero), and so is the source potential. Sometimes, 
a separate lead is made to the chip, and such 
a device operates as described below. 

Depending on the surface treatment, an 7- 
type conducting channel may be formed and 
exist, with a gate voltage of zero. If, at a gate 
voltage of zero, we apply a voltage between 
drain and source, a current constituted by 
electrons will be flowing through the channel. 
No current will be flowing through the substrate 
because one of the p-n junctions is reverse- 
biased. If we apply to the gate a voltage which is 
negative with respect to the source and, in 
consequence, with respect to the substrate, 
a transverse electric field will be set up in the 
channel, which will sweep conduction electrons 
out of the channel into the source and drain 
regions and into the substrate. The channel is 
thus depleted of electrons, its resistance is 
increased, and the drain current is reduced. The 
more negative is the gate voltage, the smaller 
this current. This is termed depletion-mode 
operation, and a MOSFET operating thus is 
referred to as a depletion-type MOSFET. 

Conversely, if no channel exists with a gate 
voltage of zero, one can be formed by applying 
a positive gate voltage, thereby attracting elec- 
trons from the source and drain regions and 
from the substrate to the channel and enhancing 
the channel conductivity and the drain current. 
Quite aptly, this is called enhancement-mode 
operation, and a FET operating thus is called an 
enhancement-type MOSFET. 


107 


(b) | 
(c) | 
Fig. 7-10 


IGFET: (a) structure, and graphic symbols for (b) 
n-channel IGFET and (c) p-channel IGFET 


no oO FF 


0 5 10 15 volts 
Fig. 7-11 
Output characteristics of an n-channel depletion-type 
MOSFET 


(e) 


Fig. 7-12 


Transfer characteristic of an n-channel depletion-type 
MOSFET 


Likewise some FETs can operate in both the 
enhancement and depletion modes. This can 
clearly be seen from their output (drain) cha- 
racteristics shown in Fig. 7-11 and the transfer 
characteristic of Fig. 7-12. As is seen, the output 
characteristics of MOSFETs are similar to 
those of JFETs. The explanation is that when 
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Ups 1s raised, the device first obeys Ohm’s law 
and the current rises approximately in propor- 
tion to the applied voltage. Then, at some value 
of vps, the channel’s width begins to decrease, 
especially near the drain because of the rise in 
the reverse voltage which exists across the p-n 
junction between the channel and the substrate, 
the junction depleted of carriers grows wider, 
and the channel resistance is increased. Thus, 
the drain current is under the action of two 
opposing factors: a rise in Up, tends to bring 
about an increase in the current in agreement 
with Ohm’s law, but an increase in the channel 
resistance tends to cause the current to decrease. 
As a result, the current remains nearly constant 
until vps reaches a value causing a breakdown to 
the substrate. 

If the substrate is an n-type material, the 
channel must be a p-type, and the polarity of 
voltages must be reversed. A graphical (di- 
agram) symbol for a depletion-type MOSFET is 
shown in Fig. 7-10c. 

In an enhancement-type MOSFET, a channel 
can only be formed and maintained when the 
device is in operation (Fig. 7-13), and then only 
when a definite value of gate voltage is applied in 
the correct polarity. In the absence of such 
a voltage, na channel exists, the source and 
drain of the .n*-type are separated solely by 
a p-type semiconductor substrate, and one of the 
p-n* junctions is reverse-biased. In this con- 
dition the resistance from source to drain 1s 
very high, and the MOSFET is turned off. If, 
however, we apply a positive voltage to the gate, 
the electric field set up at the gate will sweep 
conduction electrons out of the source and drain 
regions and the p-type substrate towards the 
gate. When the gate voltage exceeds some 
threshold value (several volts), the electron 
concentration in the surface layer grows so 
much that it exceeds the hole concentration, 
thereby giving rise to the inversion of conduction 
and to the inversion layer which serves as a thin 
(or narrow) n-type channel so that the 
MOSFET is turned on. The higher the positive 
gate voltage, the higher the channel conduc- 
tivity and the greater the drain current. Thus, 
this type of MOSFET can only operate in the 
enhancement mode - this is corroborated by its 
output characteristics shown in Fig. 7-14 and 
the transfer characteristic in Fig. 7-15. If an 
n-type substrate is used, a p-type channel will be 
induced. 
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Fig. 7-13 


N-channel enhancement-type MOSFET and _ its 
graphical symbol 


ie) 5 10 
Fig. 7-14 


Transfer characteristics of an n-channel enhance- 
ment-type MOSFET 


15 volts 


‘ps= const 


Fig. 7-15 


Transfer characteristic of an n-channel enhancement- 
type MOSFET 


The parameters of MOSFETs are analogous 
to those of JFETs. MOSFETs show a better 
performance in terms of temperature stability, 
noise level, radiation damage, and other pro- 
perties mentioned in connection with JFETs. 
They offer a number of other advantages. Their 
d.c. input resistance at low frequency is the 
insulation resistance of the gate and is 
10'?-10!> Q. Importantly, the input resistance 
remains high with any polarity of gate voltage 
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(in forward-biased JFETs the input resistance 
falls then to a very small value). The input 
capacitance may be less than 1 pF and the 
frequency limit runs into several hundred me- 
gahertz. High-power MOSFETs have been de- 
veloped for which the transconductance is 
10 mA/V and greater and which can operate at 
frequencies of several hundred megahertz. 
MOSFETs may be used in any of the three basic 
configurations examined earlier (CS, CG, and 
CD). It is to be noted that MOSFETs can be 
fabricated by planar-epitaxial technology with 
relative ease, and this simplifies the manufacture 
of integrated circuits. Enhancement-type 
MOSFETs are especially simple to make be- 
cause only two doped regions have to be 
produced — the source and the drain. 


7-2 Thyristors 


The term thyristor applies to a family of 
multilayer semiconductor devices that exhibit 
bistable (ON-OFF) switching action due to 
their inherent regenerative feedback. The term 
has its origin in the Greek thyra for door or 
entrance. 

The structure of a diode thyristor of the 
n-p-n-p type is shown in Fig. 7-16a. As is seen, it 
has three p-n junctions, two of them (J, and J;) 
being forward-biased and the third (J,), which is 
sandwiched in between, being reverse-biased. 
The outer p-region is called the anode, and the 
outer n-region is called the cathode. 

A thyristor may be modelled by an equivalent 
circuit as a combination of two transistors, T, 
and T,, one being the n-p-n type and the other 
the p-n-p type, connected as shown in 
Fig. 7-16). With this arrangement, J, and J, 
act as the emitter junctions of these two tran- 
sistors, and J, operates as a collector junction in 
both transistors. The base region B, of transis- 
tor T, is at the same time the collector region C, 
of transistor T,, and the base region B, of 
transistor T, is at the same time the collector 
region C, of transistor T,. Accordingly, the 
collector current of T, (labelled i,, in the 
diagram) is the base current for T, (labelled i,,), 
while the collector current of T, (that is, i.) is 
the base current of T, (that is, i,,). Experiments 
with a circuit made up of transistors as shown in 
Fig. 7-16 have proved that this setup is similar 
in its properties to a diode thyristor. 

As a rule, thyristors are fabricated from 


109 


Fig. 7-16 


Diode thyristor: (a) structure and (d) its equivalent 
circuit as a combination of two transistors 


silicon, with their emitter junctions alloyed and 
their collector junctions diffused. Planar tech- 
nology is likewise used. The impurity concen- 
tration in the base (middle) region is substan- 
tially lower than it is in the emitter (outer) 
regions. 

The physical processes that take place in 
a thyristor may be visualized as follows. If the 
device had only had one reverse-biased junction 
J,, there would have been only a small reverse 
current flowing due to the movement of mi- 
nority carriers across the junction. But, as will be 
recalled, a large collector current can be pro- 
duced in a transistor, which is nevertheless 
a reverse current for the collector junction, if we 
inject a great number of minority carriers into 
the base from the emitter junction. The higher 
the forward voltage across the emitter junction, 
the greater the number of carriers reaching the 
collector junction and the higher the collector 
current. On the contrary, the voltage across the 
collector junction falls because when the current 
has a high value, the collector junction re- 
sistance decreases and there is an increase in the 
voltage drop across the load placed in the 
collector circuit. For example, in switching 
circuits the transistor is turned ON (that is, 
driven into the saturation region) by feeding an 
appropriate forward voltage to its emitter jun- 
ction. Then the collector current reaches a 
maximum and the collector-to-base voltage falls 
to a few tenths of a volt. 

A similar chain of events occurs in a thyristor. 
Minority carriers are injected across the for- 
ward-biased junctions J, and J; into the regions 
adjacent to the junction J, with the result that 
the resistance of J, is brought down. 

The current-voltage characteristic of a thy- 
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ristor, shown in Fig. 7-17, illustrates the events 
taking place in a thyristor when the applied 
voltage is raised. At first the current is small and 
rises slowly —this corresponds to portion O A of 
the characteristic. In this condition the thyristor 
may be deemed in the OFF state. The resistance 
of the collector junction J, is affected by two 
opposite factors. On the one hand, the rise in the 
reverse voltage across that junction tends to 
raise its resistance because the reverse voltage 
causes the majority carriers to move in opposite 
directions, that is, away from the boundary, and 
this implies that J, is progressively depleted of 
its majority carriers. On the other hand, the 
increase in the forward voltages across the 
emitter junctions J, and J, tends to step up the 
injection of carriers that arrive at J,. In con- 
sequence, its carrier concentration is enhanced, 
with the result that its resistance increases, but 
does so progressively more slowly because the 
other factor produces an ever stronger effect. 

Around point A, that is, at a certain definite 
voltage (tens or hundreds of volts), called the 
forward breakover voltage V,,, the two factors 
produce an equal but opposite effect, and ba- 
lance each other. Now even a minute increase in 
the applied voltage gives the second factor an 
edge over the first, and the resistance of J, 
begins to decrease. Now the thyristor is driven 
to conduction (turned ON) in a cumulative 
fashion which can be explained as follows. 

The current rises stepwise (portion AB of the 
characteristic) because an increase in voltage 
across J, and J, brings down the resistance of J, 
and the voltage across it. As a result, the voltages 
across J, and J; rise still more, and this leads in 
turn to a further increase in the current, a 
reduction in the resistance of J,, and so on. 
This chain of events finally terminates in a 
condition which resembles the saturated state of 
a transistor—a heavy current at a low voltage 
(portion BC of the characteristic), The current in 
this state when the device is conducting (in the 
ON state) is mainly decided by the load re- 
sistance R, connected in series with the device. 
Owing to the resultant heavy current, nearly all 
of the supply voltage is dropped across R,. 

In the ON state, large charges accumulate 
near junction J,, and it is forward-biased — this 
condition is typical of the collector junction in 
the saturation region. Therefore, the total vol- 
tage across the thyristor is a sum of the three 
small forward voltages across the junctions and 
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Vip volts 


Fig. 7-17 
Current-voltage characteristic of a diode thyristor 


the four likewise small voltage drops across the 
p- and n-regions. Since each of these voltages is 
only a fraction of a volt, the total voltage across 
the thyristor in the ON state does not exceed 
a few volts and, in consequence, the thyristor 
presents a low resistance in this condition. 

The stepwise transition ofa thyristor from the 
OFF to the ON state may also be explained in a 
very simple way mathematically. From referen- 
ce to the equivalent circuit in Fig. 7-16 it is seen 
that the thyristor current i is the first-emitter 
current i;, or the second-emitter current i,5. 
Alternatively, the thyristor current i may be 
regarded as a sum of two collector currents, ic, 
and i.,, respectively equal to a,i,, and a,i,>, 
where a, and a, are the alpha current gains of 
transistors T, and T,. Also, the thyristor current 
i includes the small reverse collector leakage 
current icy. Thus, we may write 


i= Qyipy + Ozlp2 + ico 

or (noting that ip, = i, = i) 

(7-7) 
On solving the above equation for i, we get 

i = ico/[1 — (a, + @,)] (7-8) 


Let us analyse Eq. (7-8). At small currents, a, 
and a, are substantially smaller than unity and 
their sum is likewise smaller than unity. Then, in 
accord with Eq. (7-8), the current i will be 
relatively small. However, a, and a, increase 
with increasing current, and this leads to a rise in 
i, At some value of current, called the forward 
breakover current I, the sum a, + a. becomes 
equal to unity, and the current i would build up 
without bound if it were not limited by the load 
resistance. This tendency of i to rise without 
bound points to a sudden stepwise increase in 


i= 0,1 + Qi + igg 
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current, that is, to the fact that the thyristor 
turns ON. 

Diode thyristors are specified in terms of the 
absolute maximum forward current [> max 
(point Cin Fig. 7-17) at which a small ON-state 
voltage, Von, still exists across the thyristor. If we 
reduce the current flowing through the device to 
below some value called the holding current, Iy 
(point B), the current will drop suddenly and the 
voltage will rise as suddenly, indicating that the 
device has jumped back to the OFF state 
corresponding to the portion OA of the cha- 
racteristic (called the forward blocking region). 
When a reverse voltage is applied to a thyristor, 
its current-voltage characteristic is the same as 
the reverse characteristic of a conventional 
semiconductor diode because junctions J, and 
J, are under reverse bias. 

The other typical parameters of diode thy- 
ristors are the turn-on time fox, turn-off time 
forr, total capacitance C,,,, maximum pulse 
forward current Ijuise maxx 2nd maximum re- 
verse voltage V, ,,,,- The turn-on time of thy- 
ristors is usually not over a few microseconds, 
and the turn-off time related to the recom- 
bination of carriers may run into tens of mic- 
roseconds. Therefore thyristors are able to ope- 
rate only at relatively low frequencies. 

If a terminal lead is made to one of the base 
regions, the result will be a triode thyristor. By 
applying a forward voltage over this lead to the 
forward-biased junction, or the gate, we can 
vary the value of V;,,, at will. The greater the gate 
current I, the lower the value of Vj,,,. 

These principal properties of a triode thyristor 
are clearly demonstrated by its current-voltage 
characteristics shown in Fig. 7-18 for several 
values of gate current, Ig. The higher this 
current, the greater the number of carriers 
injected from the respective emitter to the 
middle collector junction, and the lower the 
value of voltage across the thyristor that is 
required for the device to start moving into the 
ON state. The highest value of V;,,, results when 
the gate current is zero and a triode thyristor 
becomes a diode thyristor. Conversely, when the 
gate current is high, the characteristic of a 
triode thyristor approaches the forward charac- 
teristic of a conventional semiconductor diode. 

A simple connection diagram for a triode 
thyristor is shown in Fig. 7-19. Here, the gra- 
phical symbol is given for a thyristor with a third 
terminal lead made to its p-region. This is 


Vibo3 Vibo2 “fot 


Fig. 7-18 


Current-voltage characteristic of a triode thyristor for 
several values of control current 


Fig. 7-19 


Simple circuit using a thyristor with a lead from the 
p-region 


Fig. 7-20 
Current-voltage characteristic of a symmetrical thy- 
ristor 


Fig. 7-21 
Structure of a symmetrical thyristor 
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a gate-triggered thyristor because when a 
forward voltage pulse is fed over the gate lead to 
the emitter junction of the device, it is driven 
into the ON state, of course provided that the 
supply voltage E is sufficiently high. 

Triode thyristors have the same parameters 
as their diode counterparts, with the addition of 
the quantities related to the gate circuit. 

Ordinary triode thyristors cannot be turned 
off by control over the gate circuit. For a 
turn-off, the current through such a thyristor 
must be brought down below /,,. What are 
known as gate turn-off thyristors have however 
been developed and put to use, which can be 
turned off by applying a short reverse voltage 
pulse over the gate lead to the emitter junction. 
What are called bidirectional thyristors (also 
known as symmetrical thyristors or symistors) 
have also been developed. Their name refers to 
the passage of current through the device: 
bidirectional thyristors are capable of conduc- 
tion in either direction as symbolized by the 
two-way arrows in their circuit symbols, and 
can be turned on by a voltage of either polarity 
(Fig. 7-20). They may have an n-p-n-p-n or 
a p-n-p-n-p structure. 

In sketch form, the structure of a bidirectional 
thyristor is shown in Fig. 7-21. As is seen, when 
the polarity of the applied voltage is as shown by 
the “+” and“—” signs without brackets, the 
left-hand half of the device is operating (the 
direction in which electrons are moving is 
shown by arrows). When the polarity is re- 
versed, as shown by the “+” and “—” signs in 
brackets, current is flowing the other way aro- 
und, that is, through the right-hand half of the 
device. The job of a bidirectional thyristor can 
be done by two diode thyristors connected in 
parallel (Fig. 7-22). Controlled bidirectional 
thyristors have leads from the respective base 
regions. 

Circuit symbols for various thyristors are 
shown in Fig. 7-23. 

Triode thyristors are widely used in elec- 
tronics, automatic control, and various indu- 
stries. An example of how a triode (or a diode) 
thyristor can be used in a simple sawtooth 
voltage generator is shown in Fig. 7-24. A 
voltage source E charges a capacitor C at 
a relatively slow rate through a resistor R. So 
long as the voltage across the capacitor, Uc, 
remains low, the triode thyristor resides in the 
OFF state. When ve becomes equal to the 
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Fig. 7-22 


Symmetrical thyristor replaced with two diode thy- 
ristors 


(a) (b) Y 
A . 


Fig. 7-23 
Graphical (circuit) symbols of thyristors: (a) diode 
thyristor; (b) non-turnoff three-terminal thyristor with 
a lead from the p-region; (c) same, with a lead from the 
n-region; (d) gate turn-off three-terminal thyristor with 
a lead from the p-region; (e) same, with a lead from the 
n-region; (f) symmetrical thyristor 


Fig. 7-24 
Sawtooth voltage generator using a thyristor 
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forward breakover voltage, V;,,, the thyristor 
turns on and the capacitor discharges through 
the device at a very high rate because the 
resistance of a thyristor in the ON state is very 
small. At the end of the capacitor discharge, the 
current flowing through the thyristor falls to its 
holding value, J,,, and the device is turned off. 
After that, the capacitor is charged again, then it 
discharges through the thyristor, etc. A plot of 
the voltage generated across the capacitor is 
shown in Fig. 7-24. The purpose of Rj, is to 
prevent the current flowing through the resistor 
from exceeding its maximum rating. The greater 
the values of Rand C, the longer the time it takes 
for the capacitor to charge, and the lower the 
frequency of the resultant voltage. Its amplitude 
is determined by the value of V,,, and can be 
adjusted by varying the gate voltage VY. As 
a rule, a second current-limiting resistor is 
placed in the gate circuit as well. 

The sawtooth voltage produced by the ge- 
nerator we have just discussed may prove 
unsatisfactory for many applications because 
the voltage magnitude builds up exponentially. 
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For a linearly rising voltage to be generated, the 
charging current of the capacitor must be held at 
a constant value. To this end, the resistor R may 
be replaced with a transistor connected in 
a common-base configuration. Then, as will be 
recalled, a change in Uc, will leave the collector 
current almost constant. 

An interesting application for triode thyris- 
tors is in sinewave oscillators. In a sinewave 
oscillator, the thyristor operates as a switch to 
connect a supply source to the tank circuit at 
a desired rate. Owing to this arrangement, the 
tank circuit maintains undamped oscillations 
and the thyristor itself is controlled by the 
voltage taken from the tank circuit. Thyristor 
oscillators have a high efficiency because the loss 
of power in the thyristor itself is insignificant. 
Since, however, the turn-on and, especially, 
turn-off times are finite and entail a delay, such 
oscillators can only be operated at relatively low 
frequencies. Because thyristors are rated for 
heavy currents, thyristor oscillators may be 
built for substantially greater power values than 
transistor oscillators. 


Chapter Eight 


Miscellaneous Semiconductor Devices 


8-1 The Tunnel Diode 


In 1958, L. Esaki of Japan proposed a p-n 
junction diode that is made from germanium or 
gallium arsenide with an extremely high level of 
impurity concentration (or doping) on each side 
of the junction (of the order of 10'°-10?° cm~ 3). 
This implies a very low resistivity — by a factor of 
several hundred or several thousand lower than 
it is in conventional p-n junction diodes. Such 
devices are said to be doped into degeneracy. 
The p-n junction in a degenerate semiconductor 
is by a factor of several tens thinner (107° cm) 
than it is in conventional diodes, while the 
potential barrier is twice as high. In ordinary 
semiconductor diodes, the height of the po- 
tential barrier is about half the forbidden band 
(or band gap); in the Esaki diode, now more 
usually called the tunnel diode, the figure is 
somewhat greater than the forbidden band 


width. Owing to a thin junction, the field 
intensity init may be as high as 10° Vcm~! even 
when no external voltage is applied. 

In a tunnel diode, as is the case with ordinary 
semiconductor diodes, carriers diffuse across the 
p-n junction and drift in the reverse direction 
under the influence of the field. Both processes, 
however, are of minor importance as compared 
with what has come to be known as the tunnel 
effect or tunnelling. It consists in that, in agree- 
ment with the laws of quantum physics, elec- 
trons have the chance of crossing the potential 
barrier without any change in their energy, even 
though they do not have sufficient kinetic 
energy to surmount it, provided the potential 
barrier is rather thin. This tunnelling of elec- 
trons with energies (in electron-volts) smaller 
than the barrier height can take place in both 
directions, provided there are unoccupied ener- 
gy levels for the tunnelling electrons on the other 
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Energy-band diagrams of the p-n junction in a tunnel diode for several values of applied 
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side of the barrier. Classical physics rules out 
such an effect because it treats an electron as 
a material particle carrying a negative charge, 
but it is a reality in the microscopic world 
obeying the laws of quantum mechanics which 
treats an electron as a dual entity: it can behave 
both as a particle and as an electromagnetic 
wave. As an electromagnetic wave, it can cross 
the potential barrier, which is a region of an 
electric field, without interacting with the field. 

What happens in a tunnel diode can con- 
veniently be traced by reference to energy level 
diagrams showing the energy levels in the 
valence and conduction bands of n- and p-re- 
gions. Owing to the contact difference of po- 
tential arising at a p-n junction, the boundaries 
of all bands in one of the regions are shifted 
relative to the bands in the other region by an 
amount equal to the height of the potential 
barrier, expressed in electron-volts. 

The energy level diagrams in Fig. 8-1 show 


how tunnel (or tunnelling) currents arise across 
the p-n junction of a tunnel diode. For sim- 
plicity, the diagram does not show the diffusion 
current and the conduction current. The di- 
agram in Fig. 8-la represents the case when no 
external voltage is applied. The height of the 
potential barrier is taken, for purposes of our 
example, equal to 0.8 eV, and the forbidden- 
band (band-gap) width is 0.6 eV. The horizontal 
lines in the conduction and valence bands 
represent the energy levels fully or partly filled 
by electrons. The unshaded portions in the 
valence and conduction bands represent the 
levels not occupied by electrons (empty states). 
As is seen, the conduction band of the n-type 
material and the valence band of the p-type 
material have filled energy levels corresponding 
to the same values of energy. Therefore, elec- 
trons are able to tunnel from the n- into p-region 
(the forward tunnel current i;) and from the p- 
into the n-region (the reverse tunnel current i,). 
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The two currents are equal in magnitude but 
opposite in polarity, so they cancel each other, 
and the net current is zero. 

Figure 8-1) is an energy level diagram when 
a forward bias voltage of 0.1 V is applied to the 
device. Owing to this voltage, the height of the 
potential barrier is raised by 0.1 eV to 0.7 eV. 
This augments the tunnelling of electrons from 
the n- into the p-region because the valence band 
of the p-region has unfilled levels or states 
corresponding to the same values of energy as 
are possessed by the levels occupied by electrons 
in the conduction band of the v-region. On the 
other hand, no electrons can pass from the 
valence band of the p-region into the n-region 
because the levels filled by electrons in the 
valence band of the p-region correspond to the 
energy levels of the forbidden band in the 
n-region. There is no reverse tunnel current 
flowing, and the resultant tunnel current reaches 
a maximum. In the intermediate cases, such as 
when v, = 0.05 V, both currents (forward and 
reverse) coexist, but the reverse current is lower 
in magnitude than the forward current. The net 
current will then be a forward current which is 
smaller in value than the maximum current 
which results when v, = 0.1 V. 

The case shown in Fig. 8-lc corresponds to 
vp = 0.2 V when the height of the potential 
barrier is 0.6 eV. Here, too, no tunnelling can 
take place because the levels filled by electrons 
in one region correspond to the energy levels of 
the forbidden band in the other region. The 
tunnel current is zero. It will also be zero at 
a very large forward voltage. 

It is important to remember that a rise in the 
forward voltage brings about an increase in the 
forward diffusion current of the diode. At v, less 
than 0.2 V, the diffusion current is only a 
fraction of the tunnel current, while at v, greater 
than 0.2 V the diffusion current rises to values 
typical of the forward current in a conventional 
diode. 

Figure 8-ld illustrates the case where 
), = 0.2 V. The height of the potential barrier is 
then | eV, and there is a marked increase in the 
number of energy states filled by electrons in the 
valence band of the p-region and corresponding 
to empty states in the conduction band of the 
n-region. Therefore, there is an abrupt increase 
in the reverse tunnel current which is of the same 
order of magnitude as the current under forward 
bias. 


Fig. 8-2 
Current-voltage characteristic of a tunnel diode 


The current-voltage characteristic of a tunnel 
diode (Fig. 8-2) gives a further insight into the 
energy level diagrams used above. As is seen, at 
v = 0, current is zero. An increase in the forward 
voltage to 0.1 V leads to a rise in the forward 
tunnel current to a maximum (point A). The 
further increase in forward voltage to 0.2 V is 
accompanied by a decrease in the tunnel cur- 
rent. Therefore, the current at point B is a 
minimum, and the characteristic has a down- 
sloping portion, AB, corresponding to a ne- 
gative resistance to alternating current 


R; = Av/Ai < 0 (8-1) 


Past that region, the current again rises owing 
to the forward diffusion component whose 
characteristic is shown in Fig. 8-2 by the dashed 
line. The reverse current is the same as the 
forward current, that is, many times the figure 
associated with conventional diodes. 

The basic parameters of the tunnel diode are 
the peak current I, (it is the value at which 
negative resistance and, in consequence, ne- 
gative conductance first occur); the valley cur- 
rent I, (it is the value at which negative re- 
sistance and negative conductance cease). The 
two corresponding voltages are the peak voltage 
V, and the valley voltage V,. The ratio I,,/I, is 
termed the peak-to-valley ratio, and the dif- 
ference AV=V,—V, is termed the voltage 
swing. There is a second peak voltage, V,,,, on the 
up-sloping portion of the curve, corresponding 
to the peak current J, (portion BC). Sometimes, 
the voltage swing is defined as the difference 
between V,,, and V,,. Currents in state-of-the-art 
tunnel diodes are several milliamperes, and 
voltages are a few tenths of a volt. The pa- 
rameters of the tunnel diode also include its 
negative incremental resistance (usually of the 
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order of several tens of ohms), the total ca- 
pacitance of the diode (units or tens of pi- 
cofarads), the switching time t,,,, and the ma- 
ximum or critical frequency fray: 

By connecting a tunnel diode in a circuit in 
a suitable manner, it is possible to use its 
negative resistance so as to balance the positive 
resistance (if its operating point is located within 
the portion AB) and to obtain an amplifier or an 
oscillator. For example, an ordinary resonant 
circuit always suffers a loss of power, and so it 
can only generate damped or decaying oscil- 
lations. This loss can however be made up for 
owing to the negative resistance of a tunnel 
diode and the resonant circuit will then generate 
undamped or sustained oscillations. A simple 
oscillator circuit using a tunnel diode is shown 
in Fig. 8-3. 

Basically, the operation of such an oscillator 
can be explained as follows. When the supply 
voltage is turned on, free oscillations are ini- 
tiated in the LC resonant circuit. Without 
a tunnel diode, they would have died out. Let 
E be chosen such that the diode is operating 
within the down-sloping portion of its cha- 
racteristic and let during one half-cycle the 
resonant-circuit alternating voltage be of the 
polarity shown in the figure by the “+” and “—” 
signs without circles (the encircled “+” and “—” 
signs apply to d.c. voltages). The resonant-circuit 
voltage is fed to the diode so that it is reverse- 
biased. Therefore, the forward voltage across the 
diode is brought down. Since, however, the diode 
is operating within the down-sloping portion of 
its characteristic, its current rises so that an 
additional current pulse is produced, adding 
more energy to the resonant circuit. If this energy 
is large enough to make up for the power loss, the 
oscillations in the resonant circuit will not die 
out —they will be sustained. 

Electrons tunnel through the potential bar- 
rier during an_ extremely short time: 
10-12-10 1* sor 10° 3-107 > ns. Therefore, tun- 
nel diodes do their job especially well at mic- 
rowave frequencies. For example, they can 
generate and amplify signals at frequencies as 
high as tens or even hundreds of gigahertz. It is 
to be noted that the frequency limit of tunnel 
diodes is practically governed by the diode 
capacitance, its lead inductance, and its series 
resistance rather than by the inertia of the tunnel 
effect. 

The principle underlying signal amplification 
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Fig. 8-3 


(a) Tunnel diode as an amplifier and (5) plot explaining 
amplification action 


by the tunnel diode is illustrated in Fig. 8-4. For 
signal amplification to be possible, E and R, 
must have certain definite values. R,; must be 
slightly smaller than the absolute value of the 
diode’s negative resistance. Then, with no input 
voltage applied, the operating point Q can be 
positioned in the middle of the down-sloping 
portion of the characteristic (this point lies at the 
intersection of the load line and the diode 
characteristic). When an input voltage of am- 
plitude V,, ,,, is applied to the diode, the load line 
will oscillate; in doing so, it will move parallel to 
itself. Its extreme positions are shown by dashed 
lines which locate the final points of the ope- 
rating region AB. Projecting these points onto 
the voltage axis gives the peak value of output 
voltage, V,, gy, Which is substantially greater 
than the input voltage. A distinction of a 
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tunnel-diode amplifier is the absence of separate 
input and output circuits, and this poses prob- 
lems in setting up circuits with several am- 
plifying stages. Tunnel-diode amplifiers are able 
to give a high gain at a low noise level and show 
a consistent performance. 

Tunnel diodes can be used as fast-operating 
switches, with a switching time of around 
10~° s, that is, close to 1 ns, or even less. In the 
simplest case, the circuit of a tunnel diode 
operated as a switch is similar to that shown in 
Fig. 8-4, but the input voltage takes the form of 
pulses, and R, must be somewhat greater than 
the absolute value of the diode’s negative re- 
sistance. Operation of a tunnel diode in the 
switching (pulsed) mode is illustrated in 
Fig. 8-5. The supply voltage E is chosen such 
that in the absence of an input pulse the diode is 
operating at point A and the current is a 
maximum, J,,, that is, the diode is in the ON 
state (conducting). When a positive-going pulse 
of input voltage is applied, the forward voltage 
across the diode rises, and the diode jumps to 
operate at point B. The current falls to its valley 
value, ,, which may be taken as the OFF state 
of the diode. If we adjust the value of E so that it 
corresponds to operation at point B, we will be 
able to move the diode to operation at point 
A by applying negative-going voltage pulses. 

Tunnel diodes can well serve in microwave 
and pulse circuitry intended for high operating 
speeds. In addition to a very small inertia, tunnel 
diodes offer the advantage of high stability 
towards ionizing radiations. A low power drain 
from the supply source may also be regarded as 
an advantage of tunnel diodes in many cases. 
Unfortunately, they are not free from a serious 
drawback which consists in that they age rather 
rapidly—with time their parameters and cha- 
racteristics may change to such an extent that 
the circuit in which the diodes are used might fail 
to operate properly. It may be hoped, however, 
that this limitation will be overcome some time 
in the future. 

If the material used to fabricate a tunnel diode 
has an impurity concentration of about 
10'8 cm~3, there will be practically no tunnel 
current flowing under forward bias, and the 
current-voltage characteristic will not have 
a negative-resistance (down-sloping) portion 
(Fig. 8-6). Under reverse bias, however, the 
tunnel current will be substantial as usual, and 
so such a diode will conduct current well in the 
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Fig. 8-5 


Fig. 8-6 


Current-voltage characteristic and graphical (circuit) 
symbol of an inverted diode 


reverse direction. Such devices have come to be 
known, quite appropriately, as inverted diodes; 
they can effectively operate as detectors at far 
higher frequencies than the usual diodes. 

All tunnel diodes are very small in size: several 
hundreds of them could be packed in a volume 
of 1 cubic inch. They can be enclosed in sealed 
cylindrical metal-glass cases 3 or 4mm in 
diameter and about 2 mm high. Connection to 
an external circuit is by means of flexible ribbon 
leads. The mass of a typical enclosed tunnel 
diode is not over 0.15 g. 

At this writing, work is under way on novel 
types of tunnel diodes, new semiconductor 
materials are being investigated for their fabri- 
cation, and the problem of ageing is being 
tackled. 


8-2 Microwave Semiconductor Diodes 


Microwave circuits widely use low-power 
point-contact semiconductor diodes. The ma- 
terials used for their fabrication are germanium, 
silicon, and gallium arsenide with an enhanced 
donor or acceptor doping level owing to which 
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the base has a low resistivity. This cuts down the 
lifetime of carriers and the storage time. Also the 
small surface area of the p-n junction results in 
the low value of junction capacitance. Exactly 
these features make such diodes idealy suited for 
use at microwave frequencies. With a base of low 
resistivity, however, the p-n junction is very thin, 
and its punch-through occurs even at a reverse 
voltage of as low as a few volts. In many cases, 
this is not a limitation because microwave 
diodes are mostly used under small-signal con- 
ditions. Still, diodes possessing a low break- 
down voltage may readily fail at relatively small 
overvoltages, such as may be caused by a static 
charge. 

As a rule, microwave semiconductor diodes 
are coaxial in structure (Fig. 8-7) so that they 
can conveniently be mated to coaxial lines or 
waveguides. The coaxial terminals of microwave 
diodes do away with the detrimental effects of 
lead capacitances and inductances. The type of 
diode shown in Fig. 8-7 is not the only one 
commercially available. 

Uses to which p-n junction diodes can be put 
at microwave frequencies are many and diverse. 
Thus, there are detector diodes (also known as 
video detectors) which are employed in receivers 
and instruments over the entire microwave 
range. There are also mixer diodes used in 
microwave equipments for frequency conver- 
sion. As compared with vacuum-tube mixers, 
semiconductor units are advantageous in that 
the transit-time effect and the device capacitance 
are substantially smaller than they are in va- 
cuum diodes. Also, semiconductor diode mixers 
have a lower inherent noise level. 

Still another type of microwave diodes are 
parametric diodes. They are mostly used in 
low-noise parametric amplifiers. In these ampli- 
fiers, the diodes do the job of a nonlinear 
capacitor whose capacitance varies under the 
influence of the applied a. c. voltage. Parametric 
microwave amplifiers have a high gain coupled 
with a low noise level. 

A further type is the mu/tiplier diode which, as 
its name implies, is used for frequency mul- 
tiplication. Since a semiconductor diode is 
a nonlinear device, it may sometimes be used as 
a microwave modulator. 

Microwave circuits, notably those handling 
high power, can readily be switched by switching 
diodes. With them, electronic equipment can be 
made lighter in weight, smaller in size, more 
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Coaxial microwave diodes: (/) first electrode; (2) 
crystal; (3) needle; (4) insulator; (5) second electrode 


reliable, and more durable. Very little power is 
lost in switching microwave diodes, still their 
absolute maximum power rating is only a 
fraction of that achievable with some other 
switching devices. 

The switching process consists in that the 
total resistance of the diode is made to change 
abruptly either by the input signal itself or by an 
additional direct control voltage applied to the 
diode in the required polarity. Several types of 
switching diodes are in use. As a rule, the 
difference between the forward and reverse 
resistances is utilized in nonresonant switching 
diodes which are fabricated to have a minimal 
capacitance and a minimal inductance. There- 
fore, such diodes are made without a case and 
terminal leads, and the capacitance of the p-n 
junction is balanced out by connecting an 
inductance to the device. 

Resonant switching diodes operate as follows. 
When forward-biased, they are each a parallel 
resonant circuit made up of the case capa- 
citance, the lead inductance, and the series (loss) 
resistance of the diode. At the resonant fre- 
quency, this circuit presents a very high im- 
pedance. Under reverse bias, however, the diode 
is re-configured into a series resonant circuit 
consisting of the lead inductance, the barrier 
(junction) capacitance, and the series (loss) re- 
sistance. In this condition, the diode presents 
a very low impedance at the resonant frequency. 
A resonant switching diode must have para- 
meters providing for both parallel and series 
resonance at the desired frequency. Sometimes, 
additional inductive elements may be connected 
to the diode in order to achieve this objective. 

Since point-contact diodes are able to switch 
only small power, one has to use junction diodes 
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in cases involving several watts of power in 
continuous-wave (CW) operation. In pulse 
work, point-contact diodes are able to switch 
several kilowatts of power with a pulse duration 
of several microseconds. The switching time 
may then be not more than 10-20 ns. 

Fast switching of microwave circuits that 
handle high power uses p-i-n junction diodes 
ordinarily made of silicon. These diodes have p- 
and n-regions of a relatively high conductivity 
(with a high doping level), separated by a 
broader i-type region so that the device has 
a low capacitance (Fig. 8-8). With no external 
voltage applied, the resistance of the i-region is 
high, and it grows still more under reverse bias 
because it causes a majority carrier depletion. 
Forward bias steps up the injection of holes 
from the p-region and of electrons from the 
n-region into the i-region. As a result, the 
resistance of the i-region and of the diode as 
a whole is abruptly reduced (by a factor of 
103-104). In high-power p-i-n junction diodes 
the breakdown voltage for the i-region is several 
kilovolts, and so these diodes may be used to 
switch a pulse power of tens of kilowatts. 

Quite a number of circuits using microwave 
switching diodes have been developed, each 
tailored to a particular task. As an example, 
Fig. 8-9 shows one such circuit. When the 
left-hand diode is forward-biased and the right- 
hand diode is reverse-biased (which is shown by 
the polarity signs without brackets), the left- 
hand diode presents a low resistance, and the 
right-hand diode, a high resistance. Therefore, 
the signal will practically be able to pass only 
from line / into line 3, and the quarter- 
wavelength section of the left-hand line, nearly 
short-circuited by the diode, will act as a metal 
insulator. When the d.c. voltages are reversed 
(as shown by the polarity signs in brackets), the 
diodes will exchange their roles, and the signal 
will pass into line 2. 

A more recent trend with regard to switching 
and other functions in microwave circuits has 
been to use Schottky-barrier diodes (also called 
Schottky or hot-carrier diodes). The device is 
a form ofa rectifying diode in which a junction is 
formed between a metal and a semiconduc- 
tor—the Schottky barrier, thus called after 
W. Schottky of Germany who was the first to 
investigate what has come to be known as the 
Schottky effect (see Sec. 2-4). More specifically, 
a Schottky diode consists of a low-resistivity 
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Fig. 8-8 
Structure of a p-i-n junction diode 
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Fig. 8-9 
Switching circuit using diodes 


semiconductor substrate (which may be n* -type 
silicon) with a high donor doping level, overlaid 
by a thin film of the same semiconductor 
material but having a high resistivity, in turn 
topped by a metal layer. A forward bias voltage 
is applied with its “+” side to the metal, and 
nearly all of the applied voltage is impressed on 
the high-resistivity film. Electrons in the film are 
accelerated to a very high velocity (they become 
‘hot carriers’), overcome the potential barrier, 
and enter the metal. However, no carrier storage 
occurs in the metal as it does in the base of a 
conventional diode. Therefore, Schottky diodes 
have a high operating speed which solely de- 
pends on the transit time of electrons through 
the high-resistivity film (less than 10~'! s) and 
on the barrier (or junction) capacitance which 
can be made very low owing to the small contact 
area. As a result, Schottky diodes are able to 
operate at frequencies as high as 15-20 GHz, 
and their switching time is a few tenths or even 
hundredths of a nanosecond. Their reverse 
current is very small. 


8-3 Avalanche Diodes and Gunn Diodes 


It has been recently discovered that p-n 
junction diodes operating in the reverse-bias 
direction and in the avalanche breakdown re- 
gion are able to generate microwave oscillations 
and to perform signal amplification. The theory 
of these devices was first formulated by 
A.S. Tager and V.M. Wald-Perlov of the So- 
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viet Union and stems from the negative re- 
sistance inherent in the two-carrier flow under 
space charge conditions. This negative resistan- 
ce exists only at microwave frequencies and is 
nonexistent at lower frequencies. 

Let a direct reverse voltage and some a.c. 
voltage be applied to an avalanche diode. Du- 
ring the positive half-cycles of reverse voltage (it 
is presumed that during these half-cycles the 
reverse voltage across the diode is rising) the 
diode is biased well into the avalanche break- 
down region and the current is building up 
cumulatively. Owing to the inertia of processes 
in semiconductors, that is, the finite transit time 
of carriers crossing the p-n junction, this ava- 
lanche reaches its maximum with some delay 
from the positive half-cycle of a.c. voltage that 
has triggered it. Under the influence of the direct 
voltage, the avalanche keeps moving also during 
the subsequent negative half-cycles of voltage so 
that the current pulse associated with the ava- 
lanche is opposite in sign to the negative half- 
cycle of a.c. voltage. In other words, a negative 
resistance is now presented to a.c. When an 
avalanche diode is connected to a microwave 
resonant system, its negative resistance can be 
used to generate microwave oscillation or to 
perform amplification. At lower frequencies, the 
transit-time effect is negligible, and so is the 
delay of the current pulse with respect to the a. c. 
voltage, therefore, the negative incremental re- 
sistance is practically nonexistent. The p-n struc- 
ture is not the only choice for avalanche diodes. 
For example, the Read diode has an n*-p-i-p* 
structure. 

In microwave oscillators, an avalanche diode 
is connected to a cavity resonator. In CW 
operation, such oscillators can deliver an output 
power of several watts at an efficiency of about 
10%. In pulsed operation, their power output 
may be as high as several hundred watts at an 
efficiency of several tens of percent. Such os- 
cillators can be tuned electronically (to within 
a few tenths of one per cent) by varying the 
applied d.c. voltage. Tuning over a wider range 
(tens of per cent) can be achieved by varying the 
natural frequency of the cavity resonator. When 
used as amplifiers, avalanche diodes suffer from 
a major disadvantage —a relatively high level of 
inherent noise. 

Another example of semiconductor devices 
displaying a negative resistance at microwave 
frequencies is the Gunn diode which is based on 
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the effect discovered by J. B. Gunn in 1963. This 
effect occurs when a large d.c. electric field is 
applied across a short sample of n-type gallium 
arsenide. At values above the threshold values 
(typically several thousand volts per cm), co- 
herent microwave oscillations are generated. It 
took several years for Gunn himself and other 
investigators to study the effect in detail, to 
elucidate the physical processes it involves at 
high electric field intensities in semiconductors, 
and to develop practical devices capable of 
generating microwave oscillations. 

The Gunn (or transferred-electron) diode is 
a device formed from a bar of low-resistivity 
n-type gallium arsenide (with no p-n junction 
produced) in which a very strong electric field is 
set up. The diode is connected to an external 
circuit by way of its two ohmic contacts one of 
which is called the anode and the other, the 
cathode. The reason for the use of gallium 
arsenide as the source material is that the diode 
must have two conduction bands. Studies of 
such semiconductors have shown that the two 
conduction bands differ in electron mobility. 
The electrons occupying the higher conduction 
band, that is, one corresponding to higher 
energy levels, have a lower mobility. 

When no or a very weak electric field is 
applied, the electrons reside in the lower con- 
duction band where they have a higher mobility 
and the material has a relatively high con- 
ductivity. When the applied voltage is raised, the 
current in the device first rises in accord with 
Ohm’s law until a voltage is reached when the 
field intensity becomes sufficiently high for the 
greater proportion of electrons to be transferred 
to the upper conduction band where their 
mobility is reduced and the resistance of the 
material there is abruptly increased. The current 
falls, and a down-sloping portion appears in the 
current-voltage characteristic, indicative of a 
negative differential resistance (Fig. 8-10). The 
further rise in the applied voltage leads to 
a nearly proportional increase in the device 
current. 

The sudden rise in the resistance of the 
material in response to a strong electric field 
occurs at discrete points because the semi- 
conductor material inevitably has discontinui- 
ties, and the transferred electrons form bunches 
known as domains of space charge (Fig. 8-11). 
The domains are usually formed near the cath- 
ode (“—”) contact and migrate at a high velocity 


Ch. 8. Miscellaneous Semiconductor Devices 


Fig. 8-10 
Current-voltage characteristic of a Gunn diode 


Fig. 8-11 
Domain in a Gunn diode 


towards the anode (“+”) contact. 
Within each bunch, or domain, the electrons 
have a lower velocity than they do outside, and 
so the space charge density is increased there. 
The electric field in a domain is stronger than 
outside it where the electrons have a higher 
velocity. For this reason, the electrons to the 
right of a domain migrate faster towards the 
anode, leaving behind an electron-depleted re- 
gion. On the left of a domain, however, new 
electrons arrive faster than others leave it. This 
process is responsible for the migration of 
domains from cathode to anode. 

On reaching the anode, a domain disappears, 
and a new one emerges at the cathode, migrates 
towards the anode, and so on. This alternating 
growth and decay of domains is accompanied 
by periodic changes in the resistance of the 
Gunn diode which, in consequence, cause the 
diode current to oscillate. With a sufficiently 
small distance that has to be traversed by the 
domain (the anode-to-cathode spacing), the 
current oscillates at frequencies lying in the 
microwave region. This frequency is given by 


Sonan = Udom/L 


where Ugom is the velocity at which the domain 
migrates (for gallium arsenide it is about 107 cm 
s~!), and L is the device length (usually several 
micrometres). 


It follows then that at L= 10 pm, 
IGuna = 107/10? = 101° Hz = 10 GHz 


An important distinction of the Gunn diode is 
that all of the semiconductor material of the 
device, and not only a p-n junction (which 
accounts for a small proportion of the total bulk 
in other devices that use a p-n junction), contri- 
butes to device operation. Therefore, Gunn 
diodes are able to handle higher values of power. 
At present, Gunn diodes can generate CW 
oscillations at a power level of several tens of 
watts, and pulses at a power level of several 
kilowatts at an efficiency of several per cent to 
tens of per cent. Theoretically, it is quite feasible 
to build Gunn diodes for pulse powers of several 
hundred kilowatts at frequencies running into 
tens of gigahertz. 


8-4 Heterojunction Devices 


So far we have dealt with semiconductor 
devices using what are known as homogeneous 
p-n junctions, or homojunctions, that is, junctions 
formed between two similar semiconductor ma- 
terials doped with opposite impurities (that is, 
donors and acceptors). There are also hete- 
rogeneous junctions, or heterojunctions, that is, 
junctions between two dissimilar semiconduc- 
tors of opposite polarity types, differing in the 
bandgap width. A theory of such junctions was 
first advanced by A.I. Gubanov of the Soviet 
Union in 1951, and, somewhat later, by 
W. Schokley of the United States who took out 
a patent on the use of heterojunctions in semi- 
conductor devices. 

If we have two dissimilar semiconductors, 
labelled / and 2, we can build four types of 
haterojunctions differing in the type of im- 
purities (or doping) they contain, namely n,-n,, 
Py-P2; Py-Nz, and p,-n,. The metal-semicon- 
ductor junction may be treated as a special case 
of the heterojunction. The most explored he- 
terojunctions are Ge-GaAs, Ge-Si, GaAs-GaP, 
and GaAs-InAs. 

Semiconductor devices using heterojunctions 
offer a number of advantages and are very 
promising in many respects. For one thing, 
diodes with 7,-n, or p,-p2 heterojunctions have 
a high operating speed and a high cutoff fre- 
quency because they are free from carrier sto- 
rage—a relatively slow process so typical of 
conventional p-n junctions. Heterojunctions 
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may require less than | ns in order to move from 
the ON state into the OFF state. Of special 
interest are high-power /Jaser-type heterodiodes 
in which the generated power is emitted as 
a radiation rather than dissipated as heat in the 
device itself. Tunnel heterodiodes have a higher 
I,/I, ratio within the negative-resistance por- 
tion of their V-J characteristic (as compared with 
conventional tunnel diodes), are slow to age, 
and less susceptible to radiation damage than 
the usual tunnel diodes. The best performance at 
microwave frequencies has so far been shown by 
avalanche transit-time heterodiodes. 

A good deal of interest has been shown in 
heterojunction transistors, such as p,-5-p, 
types. They have a characteristically high value 
of alpha current gain, low emitter capacitance, 
and low series base resistance so that they are 
able to operate at higher cutoff frequencies. 
Some parameters can be improved by using 
a heterojunction as the gate in JFETs and in 
thyristors. Notably, thyristors have then a high- 
er operating speed. 

A number of important advantages are of- 
fered by heterojunction optoelectronic devices. 

The crucial problem with regard to hete- 
rojunction devices at this writing is what are 
called as the interface-state effects, that is, the 
processes that-occur at the boundary between 
the two semiconductors that make up a he- 
terojunction. A careful selection of source ma- 
terials and improvements in production meth- 
ods are essential. 


8-5 The Unijunction Transistor 


The unijunction transistor (UJT), otherwise 
called the double-base transistor, is shown in 
Fig. 8-12. It has only one p-n junction and its 
structure resembles that of a JFET, but it 
operates on an entirely different principle. The, 
n-region (the base), which has ohmic contacts B,/ 
and B, at its ends, is not a channel that woul 
change its resistance due to changes in its 
cross-sectional area. The p*-type emitter“and 
the base form a p*-n junction which is for- 
ward-biased externally, rather than reverse- 
biased as is a JFET. The output current flowing 
through the base produces across the portion 
from the emitter to contact B, a voltage drop 
V,,, Which acts as a reverse-bias voltage for the 
emitter and turns it off. When the external 
forward voltage equal to EF, + 0;, exceeds 
V,,., the resultant voltage across the junction 
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Unijunction transistor (a double-base diode) 
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Current-voltage characteristics and graphical symbol 
of a varistor 


becomes forward-biasing, the junction is turned 
on, and holes are injected from emitter into base. 
As a result, the base resistance decreases. 
A change in the input voltage brings about 
a change in the injection level, in the base 
resistance and, as a consequence, in the output 
current so that an amplified voltage is developed 
across the load. 

UJTs are most often used in timing, trig- 
gering, sensing, and waveform-generation cir- 
cuits. In their frequency performance, however, 
they are inferior to conventional bipolar tran- 
sistors and are able to operate at low frequencies 
only. 


8-6 Semiconductor Resistors 


Semiconductor resistors possessing nonlinear 
properties are called varistors. They are mainly 
fabricated from powdered silicon carbide, SiC, 
and some binder. Their nonlinear behaviour is 
mainly due to the heating of microcontacts 
between the SiC grains. Varistors may come as 
bars or discs. Their V-IJ characteristic and gra- 
phical symbol are shown in Fig. 8-13. 
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Varistors may be used on both d.c. and a.c. at 
frequencies up to several kilohertz. At higher 
frequencies, the inherent capacitance of the 
device begins to be felt. Practical uses for 
varistors are many and diverse: they are used for 
protection against overvoltages, in voltage re- 
gulators and limiters, and in various automa- 
tic-control circuits. 

The key parameters of varistors are: the 
nonlinearity factor B defined as the d.c.-to-a.c. 
resistance ratio (usually it ranges between 3 
and 6); the absolute maximum voltage rating 
(from tens of volts to several kilovolts); the 
absolute maximum power dissipation (1-3 W); 
the temperature coefficient of resistance (— 5 x 
x 1073 K~! on average); and the operating 
temperature limit (60-70°C). 

Sometimes, semiconductor resistors are fabri- 
cated from materials that have a large, nonlinear 
negative temperature coefficient of resistance, in 
which case they are called thermistors (which is 
short for a temperature-sensitive resistor). Ther- 
mistors are usually shaped as rods, slabs, discs, 
or beads, and named accordingly. There are also 
thermally sensitive resistors which have a po- 
sitive temperature coefficient of resistance; they 
are called posistors. 

Figure 8-14 is a plot of the resistance of 
a thermistor as a function of temperature, a V-I 
characteristic for several conditions of heat 
withdrawal, and a circuit symbol for the device. 
Curve / holds for the worst case of heat 
abstraction, and curve 2, for the best. 

Thermally sensitive resistors are employed as 
temperature transducers and nonlinear resistors 
in various automatic control applications. 

There are specially designed small-sized ther- 
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9-1 General 


Big strides in electronics and telecommunica- 
tions have brought with them an extreme soph- 
istication in the circuitry, more rigorous re- 
quirements for performance in general and 
reliability in particular, and the use of a huge 
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Characteristics and graphical symbol of a thermistor 
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mally sensitive resistors, which are used to 
measure radiant energy owing to their ability to 
absorb electromagnetic power. They are col- 
lectively called bolometers, of which the most 
predominant types are thermistors and barret- - 
ters. Some thermistor bolometers have a heater 
so as to bring the device’s temperature to a value 
where its sensitivity is at its highest. 

The key parameters of thermally sensitive 
resistors are: 

— the rated resistance (from several ohms to 
several kilohms with tolerances of + 5, + 10, 
and + 20%); 

— the temperature coefficient of resistance, 
TCR, usually ranging from 0.8 x 10°? to 
6.0 x 10°? K7}. 

Their data sheets may also specify the d.c. and 
a.c. resistance at some particular temperature 
(say, 20°C). For the device to show a consistent 
performance, the user should never exceed its 
maximum safe temperature and absolute 
maximum power dissipation rating. 
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number of circuit components. This is especially 
true of computers. Finally, a state has been 
reached where computers and telecommunica- 
tions equipments could no longer be made 
solely of what are called discrete components — 
that is, components which have been fabricated 
prior to their installation (for example, diodes, 
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transistors, resistors, capacitors, etc.). The si- 
tuation can best be illustrated by the following 
example. 

Suppose that we are to build a computer 
made up of 10° components, and each discrete 
part has, on the average, a mass of | g, a volume 
of 1 cm, a power dissipation of 10 mW, a failur e 
rate of 107° h~!, and a cost of 50 kopeks. It 
follows then that a complete computer will 
weigh 100 metric tons, have a volume of 100 m3, 
require | MW of power, show an entirely unac- 
ceptable failure rate of 10° h~!, and will cost 50 
million roubles. With a failure rate like that, this 
means that any one component of the computer 
would fail every 3 seconds. It is obvious that 
there is no sense in building such a computer, 
using discrete components. Such computers and 
telecommunications equipments comparable in 
complexity are currently built on the basis of 
integrated circuits, or ICs for short. 

The transition to ICs has been a gradual one. 
At first, electronic equipments employing dis- 
crete components had come to use printed wiring 
boards instead of the older wiring technique by 
which discrete components were interconnected 
by hook-up wire. Typically, interconnections 
were printed on a laminated-plastic board as 
metal films ina desired wiring pattern, and the 
necessary discrete components were soldered at 
the designated points. This approach served to 
reduce the volume of equipment a good deal. 
Next came modules and micromodules—com- 
plete functional circuits (such as amplifiers, 
oscillators, converters, and the like) built into 
miniature cases or packages. Micromodules 
could be replaced in the case of failure with 
a minimum of delay. Miniature diodes, transis- 
tors, resistors, capacitors, inductors and other 
circuit components were designed specifically 
for such micromodules. Some micromodules 
even used miniature printed-wiring boards. Still, 
micromodules finally failed to chet problem 
completely. | 

A real breakthrough in the design of ex- 
tremely sophisticated electronic /equipment 
came with the advent of integrated circuits. 
They are called ‘integrated’ because each complete 
circuit including its circuit elements and con- 
nections is manufactured as a single package. 

The basic types of ICs are film integrated 
circuits, monolithic integrated circuits, hybrid 
integrated circuits, and multichip integrated cir- 
cuits. 
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In a film IC, all the components and in- 
terconnections are fabricated in the form of 
various films (conducting, resistive, and dielect- 
ric) produced in situ on an insulating substrate. 
To define the nature of a film IC, additional 
modifiers may be added, such as a thin-film IC, 
a thick-film IC, etc. 

In a monolithic IC all the circuit components 
are manufactured into or on top ofa single chip 
of a semiconductor material (mostly, silicon). 
The individual parts of a monolithic IC are not 
separable from the complete circuit once for- 
med. Interconnections between the various 
parts of a monolithic IC are made by a pattern of 
conducting material on the surface of the chip. 

A Aybrid IC is an arrangement which consists 
of several discrete components attached to 
aceramic substrate and interconnected either by 
wire bonds or a suitable metallization pattern. 
The individual components are unencapsulated 
and may consist of diffused or thin-film com- 
ponents or one or more monolithic circuits. 
Once fabricated, an individual component can- 
not be altered without destroying the entire 
circuit. 

The principal advantages of ICs are that they 
are small in size and weight, draw little power 
from supply sources, show a remarkable re- 
liability owing to the reduced number of sol- 
dered joints, can operate at very high speeds 
because the interconnections between the com- 
ponents are short and the time it takes a signal 
to travel these distances is very small, and have 


Table 9.1 


NUMBER OF COMPONENTS AND RELIABILI- 
TY OF ELECTRONIC EQUIPMENT 


Circuit type Number of Failure rate, 
components be 
per cm? 

Tube circuits, dis- 1071 10-5 
crete components 

Transistor circuits, 1 10-* 
discrete | compo- 
nents 

Micromodule __ cir- 10 10>" 
cuits 

Film and hybrid in- 10? 1078 
tegrated circuits 

Monolithic integra- 1073-1075 10>? 


ted circuits 
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a relatively low cost. Table 9-1 compares several 
types of circuits in terms of packaging density 
(defined as the number of components or equi- 
valent components in a unit volume of a circuit 
or package) and reliability. Of course, only 
average values are quoted. The human brain 
contains as many as 10° nerve cells (neurons) per 
cubic centimetre. As is seen, [Cs still fall short of 
this figure by a wide margin. The reliability of 
the brain is very high, too. The brain is inferior, 
however, to ICs in terms of operating speed. The 
brain owes its high reliability to the fact that its 
cells duplicate one another (they provide what is 
called redundancy in reliability theory) — should 
one cell fail, its neighbour will take over at once. 

Along with the unquestionable advantages, 
ICs suffer from some limitations. For one thing, 
they are low-power devices. High-power ICs are 
yet unfeasible. Problems also arise in making 
high-value integrated capacitances and induc- 
tances. Interconnections between the individual 
IC chips are made by the old techniques, take up 
a considerable space, and impair reliability. 

The complexity of ICs that may be produced 
on a single chip of silicon is defined by de- 
scriptive terms. Thus we have small-scale in- 
tegration (SSI) with no more than 10 com- 
ponents per chip; medium-scale integration 
(MSI) with 10 to 100 components per chip; 
large-scale integration (LSI) with 100 to 1000 
components per chip; very large scale integration 
(VLSI) with over 1000 components per chip; 
and, finally, extra large scale integration (ELSI) 
with a still greater packaging density. LSI, VLSI] 
and ELSI chips are often described by the 
number of bits that can be stored in a computer 
memory of similar complexity. Thus, LSI deno- 
tes circuits of complexity up to 16 kilobits; VLSI 
describes circuits with a capability between 16 
kilobits and one megabit; and ELSI refers to 
circuits containing more than one megabit. 

A further classification of ICs is into digital 
and analog. Digital ICs are mainly used in 
computers; they operate in the switching (pulse) 
mode and may, at any given instant, reside in 
one of two distinct states because present-day 
computers use the binary number system where 
only two digits are used, 0 and 1. Analog ICs 
operate under conditions in which currents and 
voltages vary continuously in a particular fa- 
shion, say sinusoidally. Analog ICs can operate 
as amplifiers, oscillators, various signal con- 
verters, etc. 
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9-2 Film and Hybrid Integrated Circuits 


In a film IC, the substrate is made of an 
insulating material, such as glass, ceramics, etc. 
The passive elements, that is, resistors, capa- 
citors, inductors, and interconnections take the 
form of various films deposited upon the sub- 
strate. The active elements (diodes and tran- 
sistors) cannot be manufactured by film tech- 
nology. Thus, film ICs contain solely passive 
elements. 

As has been noted, there may be thin-film ICs 
in which the film thickness is not more than 
1-2 um, and thick-film ICs in which a thicker film 
is used. The difference between the two types is, 
however, not in film thickness, but in the 
technology used to apply the film. 

The substrate of a film IC is an insulating 
board 0.5-1 mm thick, carefully ground and 
polished. Film resistors are manufactured by 
depositing a resistive film upon the substrate. If 
the resistance of a resistor is not to be very high, 
the film is a high-resistance alloy, such as Ni-Cr. 
High-value resistors are fabricated from cermets 
which are metal-dielectric mixtures (the first half 
of the term is derived from ceramic, and the 
second, from metal). The ends of the resistive 
film are fitted with contacts in the form of metal 
films which also serve as interconnections to 
other components. The resistance of a film 
resistor depends on the thickness and width of 
the film, its length and material. For higher 
values of resistances, film resistors can be made 
in a zig-zag pattern. The structure of film 
resistors is shown in Fig. 9-1. 

The resistivity (called sheet resistivity) of film 
resistors is expressed in ohms per square 
(Q/square) because the resistance of a given film 
shaped as a square is independent of the square 


Fig. 9-1 
Film resistor: (/) resistive film; (2) lead; (3) substrate 
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size. To demonstrate, if we make the side of 
a square twice as great as it was before, the 
distance to be traversed by current will also be 
doubled, as will the cross-sectional area of the 
film; in consequence, its resistivity will remain 
unchanged. 

Thin-film resistors are superior to thick-film 
devices in terms of accuracy and stability, but 
they are more difficult and expensive to make. 
Thin-film resistors may have a sheet resistivity 
of 10 to 300 Q/square, and they may come with 
rated values of 10 to 10° Q. The manufacturing 
tolerance is + 5%; when properly trimmed, 
their values may be made accurate to within 
+ 0.05%. Trimming consists in that some of the 
resistive layer is removed in one way or another, 
and the resistance value deliberately made smal- 
ler than is actually needed is thus raised. The 
temperature coefficient of resistance for thin- 
film resistors is 0.25 x 107+ K~+. The value of 
these resistors changes very little with time in 
service. 

Thick-film resistors have a sheet resistivity of 
5 Q/square to 1 MQ/square, and come in values 
from 0.5 to 5 x 108 Q. The untrimmed tolerance 
is + 15%, and the trimmed tolerance is + 0.2%. 
The TCR is about 2 x 10°* K~!. Their sta- 
bility with time is inferior to that of thin-film 
resistors. n> 

Film capacitors are most often manufactured 
with two plates. One plate is deposited on top of 
a substrate and is extended as an intercon- 
nection. It is then overlaid with a dielectric film 
which is topped by the second plate which 
likewise extends into an interconnection 
(Fig. 9-2). Similarly to film resistors, capacitors 


may be thin-film_and thick-film. The dielectric 
used most, often is the one of silicon, alu- 
minium, ,or titanium. € capacitivity may 


range from tens to thousands of picofarads per 
square millimetre. Accordingly, a capacitor with 
a surface area of 25 mm? will have a rated 
capacitance from several hundred to tens of 
thousand picofarads. The manufacturing to- 
lerance is + 15%, and the temperature co- 
efficient of capacitance is 0.05 x 10~* to 
02x 1054K=4 

Film inductors are manufactured as flat spi- 
rals, mostly rectangular in shape (Fig. 9-3). The 
width of conducting strips and the spacing 
between them is usually several tens of micro- 
metres. This works out to an inductivity of 
10-20 nH mm”. An area of 25 mm? yields an 
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Fig. 9-2 
Film capacitor 


€ Fig. 9-3 
Film inductor 


inductance of up to 0.5 nH. As a rule, film 
inductors are fabricated with a maximum in- 
ductance of several microhenrys. A greater 
inductance can be obtained by overlying the 
inductor with a ferromagnetic film to act as 
acore. There is a snag in making a terminal lead 
to the inner end of the film inductor. Therefore, 
a dielectric film is deposited at an appropriate 
spot of the inductor, and the dielectric is then 
overlaid with a metal film to serve as a terminal 
connection. 

Film ICs may be RC-networks such as RC 
filters or other circuits. 

As already noted, in a hybrid IC the passive 
components are manufactured by film techno- 
logy, and the active components (diodes and 
transistors) are discrete parts which are left 
unencapsulated and bonded to the substrate at 
the requisite points and connected by fine 
conductors to the film components of the IC. 
Sometimes, hybrid ICs may use some of their 
passive components in discrete form, such as 
miniature capacitors of a capacitance and mi- 
niature inductors of an inductance such that the 
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Fig. 9-4 
Structure and diagram of a hybrid IC 


respective parts cannot be manufactured by film 
technology. The discrete components of a hyb- 
rid IC may also include miniature transformers. 
In some cases, hybrid ICs may include complete 
monolithic ICs as discrete components of a 
much smaller size than the host hybrid IC itself. 

A hybrid IC consisting of a capacitor, a 
transistor, and a resistor is shown in Fig. 9-4. 
This IC may be a part of an amplifying stage. 
The conductors made to the transistor or other 
discrete components are joined to the respective 
points in the circuit by any one of several 
connection techniques, the most popular one 
being thermo-compression bonding. A thermo- 
compression bonded connection can be pro- 
duced between certain metals,and semiconduc- 
tors by the simultaneous application of heat and 
pressure. 

A hybrid IC is fabricated in several steps. The 
first step is to make a substrate. It is thoroughly 
ground and polished. The next step is to deposit 
resistive films, the lower capacitor plates, in- 
ductors, and interconnections. Following that, 
dielectric (insulating) films are deposited, which 
are then topped by metal films again. Then 
comes the turn of discrete active and other 
devices, and their leads are joined to the res- 
pective points in the circuit. The IC is then 
packaged in a case and joined to the contact pins 
of the case. After appropriate tests, the case is 
hermetically sealed and the necessary symbols 
are marked on it. 


9-3 Monolithic Integrated Circuits 


As already explained, in a monolithic IC all the 
circuit components are manufactured into or on 
top of a single chip of silicon 200-300 jm thick. 
Chips for monolithic ICs usually measure from 
1.5 x 1.5 to 6 x 6 mm. As compared with film 
and hybrid ICs, monolithic chips have the 
highest packaging density and the best reli- 


ability (the lowest failure rate). Among their 
limitations are the relatively low quality of 
passive elements (resistors and capacitors) and 
the fact that inductors cannot be made in 
a monolithic IC. Nevertheless, monolithic ICs 
are leading the field of microelectronics as the 
basis for LSI, VLSI and ELSI chips. 

Isolation. Since all the circuit components are 
manufactured in a single chip of silicon, it is 
important to electrically separate or isolate 
them from one another. Two methods are used 
most often. The simplest and less expensive 
technique is to use a p-n junction — this known as 
diode isolation. For this purpose, n-type regions 
are produced on a p-type silicon chip or wafer by 
a process known as isolation diffusion. These 
n-regions are called isolation islands, or isolated 
regions (Fig. 9-5). They are then utilized to 
produce the desired passive or active com- 
ponents, and the p-n junctions between the 
isolation islands and the substrate in an ope- 
rating IC are always reverse-biased. To this end 
a negative potential of several volts is always 
applied to the wafer. Under reverse bias, a 
silicon p-n junction presents a very high re- 
sistance (several megohms), and this resistance 
provides the desired isolation between circuit 
components. Obviously, the isolation resistance 
between any two circuit components will be 
equal to twice the reverse resistance of the 
isolating p-n junction. It should be kept in mind 
that each of these junctions has a barrier 
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Fig. 9-5 
Element isolation by a p-n junction (diode isolation) 
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capacitance of its own, and so parasitic ca- 
pacitive coupling exists between the circuit 
components owing to the junction capacitances. 

The other method is by means of a dielectric 
layer, as shown in Fig. 9-6, and the technique is 
known as dielectric isolation. Here, too, isolation 
islands are produced for the subsequent ma- 
nufacture of the required circuit components, 
but the islands are separated from the silicon 
chip by a thin layer of silicon dioxide, SiO,. This 
SiO, layer complicates the manufacture of ICs, 
but it is more effective than an isolating p-n 
junction. Another advantage of dielectric iso- 
lation over diode isolation is the reduced pa- 
rasitic capacitance between the islands and the 
wafer because the dielectric layer is several times 
as thick as the p-n junction. Because of com- 
plications in the manufacturing process, diode 
isolation is used more often than dielectric 
isolation. In our subsequent discussion, the 
diagrams will show the latter type of isolation, 
although there are several more isolation tech- 
niques apart from the two we have just de- 
scribed. 

Bipolar transistors. They can be manufac- 
tured by planar or planar-epitaxial technology. 
The collector, base and emitter regions are 
formed in a silicon chip by diffusion as shown in 
Fig. 9-7. The diagram shows a sectional view 
and a plan view of the transistor. The transistor 
structure extends into the substrate to a depth of 
not more than 10-15 ym, and the linear di- 
mensions of the transistor on the surface do not 
exceed several tens of micrometres. 

As a rule, -p-n transistors are manufactured. 
What is known as a buried layer is made in the 
collector. It has a heavy impurity concentration 
(called n*) and its objective is to reduce the 
resistance and, in consequence, the power lost in 
the collector region, At the collector junction, 
however, Ahe collector region must have a 
reduced’ impurity concentration so that the 
junction could have an ample thickness. Then it 
will have a lower capacitance and a higher 
breakdown voltage. The emitter region is like- 
wise the n *-type very often in order to reduce its 
resistance and to step up carrier injection. A 
layer of silicon dioxide is formed over the entire 
surface, and two contacts are made to each of 
the collector and base so that the transistor can 
be connected to adjacent circuit components 
without cross-overs. The cross-overs are un- 
desirable because they complicate the manu- 
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Element isolation by a dielectric layer (dielectric 
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Fig. 9-7 
Bipolar transistor of a monolithic IC 


facture of ICs. Where one connection crosses 
another, it is necessary to deposit a dielectric 
film over the lower connection and to deposit 
the upper connection on top of the film —this 
involves two extra manufacturing steps. Also, 
cross-overs always present a risk of breakdown 
in the case of an inadvertent overvoltage. 

An important problem in the manufacture of 
ICs is the component layout which must be such 
that no or a minimum number of cross-overs 
have to be made. Also, it is vitally important to 
minimize parasitic coupling between the circuit 
components as much as practicable. When an 
IC consists of a great number of circuit com- 
ponents, a huge number of likely layouts may 
exist, and a good deal of time has to be spent in 
order to pick an optimal layout. Of late, this job 
has been relegated to computers which are able 
to pick the best layout in the shortest time. 
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Typical bipolar transistors for monolithic ICs 
have a common-base (beta) current gain of 200, 
a cutoff frequency of up to 500 MHz, a collector 
capacitance of not over 0.5 pF, a collector 
breakdown voltage of 50 V, and an emitter 
breakdown voltage of 8 V. The sheet resistivity 
of the p- and n-regions is several hundred ohms 
per square, and that of the n* -regions, not more 
than 15-20 Q/square. 

It is to be stressed that some unwanted circuit 
components may be formed in monolithic ICs. 
As is seen from Fig. 9-7, for example, there is, in 
addition to the n-p-n transistor formed in the 
p-type wafer, also a parasitic p-n-p transistor 
which is formed by both the wafer and the 
collector and base regions of the transistor. In 
turn, the 7-p-n transistor and the wafer make up 
a parasitic n-p-n-p thyristor. Owing to the 
reverse voltage existing across the isolation 
junction, the parasitic transistor and thyristor 
are normally turned OFF. Should, however, 
noise pulses reach them, they may be turned ON 
and operate against the user’s desire. 

Multiemitter transistors. Apart from conven- 
tional transistors, digital ICs employ multi- 
emitter transistors. Their structure and circuit 
symbol are shown in Fig. 9-8. The example 
shows a four-emitter transistor. It can be turned 
on by applying a forward voltage pulse to any of 
the four emitters. Each emitter is connected to 
a turn-on pulse source of its own. Importantly, 
a turn-off pulse from any one source may not 
break through to any other source because the 
emitter junctions inoperative at a given instant 
are reverse-biased. 

For example, if a negative voltage pulse is fed 
to emitter £,, the associated emitter junction is 
rendered conducting, and a collector current 
begins to flow in the transistor. The negative 
potential is transferred from E£, to the p-type 
base and, since emitters E,, E, and Ey, are at 
zero potential, they present a very high re- 
sistance, and the pulse applied to £, cannot 
enter the circuits of E,, E; and £, because these 
circuits are isolated from one another. If the four 
turn-on pulse sources had been connected to- 
gether to one emitter, there would have been no 
isolation. In such a case, isolation could be 
produced by placing a diode in the circuit of 
each input signal source, but this is far more 
complicated than to use a single multiemitter 
transistor. 

It is to be noted that in a multiemitter 
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Fig. 9-8 
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Fig. 9-9 
Circuit of a compound transistor 


transistor, the emitter in the ON state, the base, 
and an adjacent emitter make up, between them, 
a parasitic transistor. To minimize its effect, the 
adjacent emitters are spaced at least 10 um 
apart so that a very wide base is produced in the 
parasitic transistor. 

There are also multicollector transistors si- 
milar in the underlying principle to multiemitter 
transistors. Their structure can be visualized if, 
in the circuit of Fig. 9-8, we connect the four 
emitters as collectors, and operate the collector 
as an emitter. 

The supergain transistor. Transistors thus 
named are sometimes used in integrated circuits. 
In them, the base is made a mere 0.2-0.3 pm 
wide so that the beta current gain may be 
increased by a factor of several thousand. 
However, the breakdown voltage of a supergain 
transistor is brought down to as low as 1.5-2 V. 
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Fig. 9-10 
Schottky barrier transistor 


When the applied voltage is very high, a punch- 
through occurs—the collector-base depletion 
layer spreads through the entire base region and 
reaches the emitter junction so that a direct 
conducting path is formed from emitter to 
collector, and charge carriers from the emitter 
‘punch through’ to the collector. 

Compound transistors. These when used in 
ICs are each a pair of transistors so connected 
that a high-beta device results. Most often, use is 
made of what is known as the Darlington pair 
(Fig. 9-9). From inspection of the circuit di- 
agram, we may write 


ipo = ley = (By + lig (9-1) 
ic = icy + icg = Brips + Boipo (9-2) 
On substituting the expression for i,, in Eq. (9-2) 


and dividing it by iz, we obtain the resultant 
beta current gain of the compound transistor 


B =B, + B, + BiB. > BiB. (9-3) 


When B, = B, = 100, we have B = 10%. In prac- 
tical compound transistors, B may be as high as 
several thousand. 

The Schottky transistor. This is essentially 
a bipolar transistor in which a Schottky diode is 
used as a clamp between the base and collector. 
As has been shown in Sec. 2-4, the Schottky 
diode uses a metal-to-semiconductor contact 
and has rectifying properties. The device is 
advantageous in that it is free from diffusion 
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capacitance and can therefore operate at fre- 
quencies as high as 3-15 GHz. Figure 9-10 
shows the structure of the Schottky transistor in 
an IC and its circuit connection. It uses alu- 
minium metallization to provide a nonrecti- 
fying, or ohmic, contact with the p-type base, but 
has a rectifying contact, that is, a Schottky 
diode, with the n-type collector. The Schottky 
transistor has a very high operating speed when 
used as a switch —it takes very little time for the 
device to change over from the ON to the OFF 
state. 

Diodes (diode-connected transistors). Origi- 
nally the diodes used in ICs were made as 
a structure having two regions of opposite 
conduction types, that is, similarly to the con- 
ventional p-n junction. Of late, the diodes uti- 
lized in ICs are made by using bipolar transistor 
structures in one of five possible connections. 
These five connections are shown in Fig. 9-11. 
The difference between them is mostly one of 
parameter values. In the BC-E connection, the 
base and collector are tied together. Here the 
reverse recovery time, that is, the time it takes 
the diode to move from the ON to the OFF 
state, is several nanoseconds. In the B-E con- 
nection, only the emitter junction is utilized, and 
the switching time is several times greater. The 
two connections have a minimal capacitance (a 
few tenths of a picofarad) and a minimal reverse 
current (0.5-1 nA), but their breakdown voltage 
is the lowest of all. However, the latter factor is 
of minor importance for low-voltage ICs. The 
BE-C connection, in which the emitter is tied to 
the base, and the B-C connection utilizing only 
the collector junction are about equal to the B-E 
connection in terms of the switching time and 
capacitance, but have a higher breakdown vol- 
tage (40-50 V) and a heavy reverse current 
(15-30 nA). The B-EC connection in which the 
two junctions are in parallel has the longest 
switching time (100 ns), the largest reverse 
current (as high as 40 nA), a somewhat greater 
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Fig. 9-11 
Several schemes for using transistors as diodes 
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capacitance, and the same low breakdown 
voltage as the first two connections. The BC-E 
and B-E connections are used most often. 

Some of the diode connections are used 
sometimes as voltage-reference (VR) diodes. 
Where a regulated (stabilized) supply of 5-10 V 
is required, resort can be made to the B-E 
connection reverse-biased into the breakdown 
region. Regulated voltages which are multiples 
of a forward voltage of 0.7 V can be supplied by 
a series combination of two BC-E connections 
diodes) operating under forward bias. The 
temperature coefficient of voltage (TCV) of these 
VR diodes is several millivolts per kelvin. The 
lowest TCV is obtained with two n*-p diodes 
connected in series opposition. In structure, they 
are similar to a transistor having two emitter 
regions (Fig. 9-12). One diode is reverse-biased 
into the breakdown region, and the other is 
forward-biased. Because the TCV under for- 
ward and reverse bias takes different signs, 
a compensating effect takes place so that the 
resultant TCV is less than 1 mV K~?. 

Integrated JFETs. Junction field-effect tran- 
sistors can be manufactured on the same chip 
with bipolar transistors. Figure 9-13a shows the 
structure of a planar n-channel JFET. An n-type 
island has an n*-region used as the drain and 
a p-region used as the gate. The drain is located 
at the centre, and the gate is arranged around it. 
Sometimes, a buried p* -region is manufactured 
in order to minimize the initial channel width, 
but this complicates the production process. 
Figure 9-13b shows a p-channel JFET. Its 
structure is identical with that of a conventional 
n-p-n transistor. The job of the channel is done 
by the base. 

Integrated MOSFETs. Metal-oxide semicon- 
ductor FETs are ousting bipolar transistors in 
[Cs on an ever increasing scale. The reason is 
that MOSFETs offer a number of advantages 
over bipolar transistors. Among other things, 
they have a high input resistance and are simple 
in design. Enhancement-type MOSFETs are 
especially simple to manufacture. To make such 
a transistor, it suffices to diffuse an n*-type 
source and an n*-type drain into a p-type wafer 
(Fig. 9-14a). A reverse voltage is maintained 
across the junctions between these regions and 
the substrate, so that the transistors are isolated 
from the substrate and from one another. The 
channel is isolated from the substrate in a 
similar manner. 


Fig. 9-12 
Voltage-reference device made up of two diodes for 
temperature compensation 
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Fig. 9-13 
Monolithic IC JFET: (a) n-channel and (b) p-channel 


A more sophisticated method has to be used 
to make a p-channel MOSFET in a p-type 
substrate because an n-type isolation island 
must first be produced (Fig. 9-145). Some ICs 
use pairs of n- and p-channel MOSFETs, usu- 
ally referred to as complementary MOS field- 
effect transistors (COSMOS or CMOS for 
short, the latter abbreviation being most com- 
mon). CMOSs are used in switching (digital) 
circuits and draw very little power. Some ICs use 
bipolar and MOS field-effect transistors ma- 
nufactured on the same chip. 

The fabrication of MOS transistors is being 
improved all the time, and quite a number of 
their structures have been developed at this 
writing. The principle of operation, however, 
remains the same in all of them. 

Integrated resistors. A resistor in a monolithic 
IC is very often obtained by utilizing the bulk 
resistivity of diffused areas. The p-type base 
diffusion is most commonly used, although the 
n-type emitter diffusion is also employed. Figure 


9-15 shows the structures of such integrated 
resistors. The resistance of a diffused resistor 
depends on the length, width, and thickness of 
the region doing the job of a resistor, and the 
bulk resistivity or, which is the same, the 
impurity concentration (or the doping level). A 
p-type integrated resistor (Fig. 9.15a) is made at 
the same time with transistor bases. The re- 
sultant sheet resistivity is then hundreds of ohms 
per square, and resistors can be obtained with 
values as high as tens of kilohms. Sometimes, 
resistors are fabricated in a zigzag pattern so as 
to increase their resistance. Where relatively low 
values of resistance are needed (units or tens of 
ohms), resistors are fabricated at the same time 
with the n-type emitters of transistors 
(Fig. 9-155). The temperature coefficient of dif- 
fused integrated resistors is a few tenths of one 
per cent per kelvin and even less. The tolerance 
is +(15-20)% or even greater. 

A more recent trend has been to replace the 
diffusion process with ion implantation. It con- 
sists in that ions are implanted into the lattice of 
a semiconductor crystal by bombarding its 
surface with impurity ions under controlled 
conditions so that they penetrate into the crystal 
to a depth of 0.2-0.3 pm. The sheet resistivity of 
such resistors can be as high as 10-20 kilohms 
per square, and the resultant resistors may have 
resistance values as high as several hundred 
kilohms with a tolerance of not over + (5-10)%. 

It is important to note that integrated re- 
sistors have a parasitic capacitance to the sub- 
strate. Also, a resistor and its substrate form 
between them a parasitic p-n-p transistor. When 
designing an IC, the operating conditions for the 
transistors should be chosen such that the 
parasitic transistor will be turned OFF and have 
practically no detrimental effect. The parasitic 
capacitance to the chip limits the operating 
frequencies at which an integrated resistor may 
be regarded as being purely resistive. At fre- 
quencies exceeding some critical value, an in- 
tegrated resistor may present an impedance 
which also includes a reactive component. 

The job of an integrated resistor can be done 
by the channel of a MOS structure. Such MOS 
resistors are fabricated simultaneously with 
MOS transistors. If their structure is the same as 
that of the transistors, the desired resistance can 
be set by adjusting the gate voltage. 

The pinch resistor. In structure, it is similar to 
a JFET. The job of a resistor is done by the 
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Fig. 9-14 


Enhancement-type MOS-transistor of a monolithic 
IC: (a) n-channel and (6) p-channel 


Fig. 9-15 
Diffused integrated resistors in monolithic ICs 


Fig. 9-16 
Diffused integrated MOS-capacitor 


channel, and the desired resistance is adjusted 
by varying the gate voltage—thus the pinch 
resistor operates much as the MOS-resistor 
does. 

Integrated capacitors. Typically, ICs use dif- 
fused capacitors which utilize the barrier ca- 
pacitance of a p-n junction. The capacitance of 
such a junction capacitor whose structure is 
shown in Fig. 9-16 depends on the junction 
area, the permittivity of the semiconductor, and 
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‘he junction width (or thickness) which is in turn 
2 function of the impurity concentration (the 
doping level). Where a high value of capacitance 
s essential, a junction capacitor is manufactured 
at the same time with the emitter junctions of 
transistors (that is, by the n-type emitter dif- 
fusion). Since the emitter region has the n* -type 
»f conduction, the capacitor junction will be 
thin; its capacitivity is relatively high, being 
about 1000 pF mm”. Junction capacitors may 
have rated values up to 1500 pF witha tolerance 
of + 20%. The TCC is about — 107? K~!, and 
the breakdown voltage does not exceed 10 V. 
Unfortunately, these capacitors have a low 
figure of merit—of the order of not over 20 at 
| MHz. Junction capacitors manufactured du- 
ring the collector dffusion have a lower capaci- 
tivity (about 150 pF mm~?) and will usually 
have a capacitance of not over 500 pF with 
a tolerance of + 20%. Their breakdown voltage 
is up to 50 V, their TCC is — 10>? K~1, and the 
Q-factor at 1 MHz is 50-100. The relatively low 
Q-factor of the above junction capacitors is 
explained by the fact that their dielectric is 
a semiconductor p-n junction in which a good 
deal of power is lost. The plates, which are 
semiconductor layers, present a noticeable re- 
sistance as well. 

Diffused integrated capacitors can only ope- 
rate when reverse-biased, and the bias voltage 
must be held constant so as to assure a constant 
value of capacitance. Because the junction ca- 
pacitance is a nonlinear quantity, diffused in- 
tegrated capacitors can be used as variable 
capacitors controlled by varying the d.c. voltage 
across the device. When the reverse voltage is 
varied anywhere between | and 10 V, the ca- 
pacitance will be varied by a factor of 2-2.5. 
Some electronic circuits use nonlinear capaci- 
tors, and their job can well be done by diffused 
integrated capacitors. 
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Fig. 9-17 
MOS capacitor used in monolithic IC 


Figure 9-17 shows a MOS capacitor used in 
monolithic ICs, especially those employing 
MOSFETs. One plate is a diffused layer of 
n* -type silicon on which a thin layer of SiO, is 
produced. The SiO, layer is topped by a metal 
(aluminium) film acting as the other plate. The 
capacitivity is 300-400 pF mm~?, and the ca- 
pacitance values can be up to 500 pF with 
a tolerance of + 25%. The breakdown voltage 
may be as high as 20 V. Among the advantages 
of MOS capacitors are a relatively low TCC 
(about 2 x 10°* K~'), a higher Q-factor (up to 
200-250), and the ability to operate on a voltage 
of any polarity. The capacitance of MOS ca- 
pacitors is less dependent on voltage than in 
diffused capacitors. As with other integrated 
circuit components, parasitic capacitances with 
respect to the substrate and parasitic transistors 
are formed in ICs using integrated capacitors. 

Figure 9-18 shows a partial sectional view of 
a monolithic IC corresponding to the circuit 
diagram of Fig. 9-4, that is, consisting of a 
diffused capacitor, an integrated transistor, and 
an integrated resistor. 

Integrated inductors. There is no way of 
producing an integrated inductor in a mo- 
nolithic IC. Therefore, it is usual to design an IC 
so that it will need no inductors. Still, cases may 
arise where one needs an inductor or inductors. 
The need is satisfied by using an equivalent 
inductance which consists of an integrated tran- 
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Fig. 9-18 
Monolithic IC 


134 Part One. Semiconductor Devices 


sistor, an integrated resistor, and an integrated 
capacitor. An example of such an arrangement 
is shown in Fig. 9-19. Here an a.c. voltage Vis 
applied between the collector and emitter of the 
transistor. For simplicity, the circuit feeding the 
d.c. supply voltage to the transistor is not 
shown. Some of the applied a.c. voltage V is fed 
via an RC-network to the base. The values of 
R and C are chosen so that R > 1/@C. Then 
Ipc, or the current in the RC-network may 
approximately be taken to be in phase with V. 
However, the voltage across the capacitor, V;, 
lags behind I p¢ by 90° in phase (it is said to be in 
phase-quadrature lagging). V. is applied to the 
base and controls the transistor’s collector cur- 
rent I, which is in phase with V. but is in phase 
quadrature lagging with V. 

Thus, the transistor in the above circuit 
presents to V an impedance equivalent to the 
inductive reactance 


x, = V/Ip = Leg 


In other words, the transistor is equivalent to 
some inductance 


Leq = Viole 


By varying the supply voltages so as to obtain 
the desired [¢, it is possible to obtain any desired 
value of L,,. Since the impedance of the RC-net- 
work is many times x,, its effect may be 
neglected. 

Redundance. As has been noted, ICs have 
a very high reliability. Still, it must be enhanced 
even more in some, especially critical appli- 
cations. One approach is through redundance by 
duplication. An example will illustrate how 
a diode can be duplicated. Figure 9-20 shows the 
connection of four diodes instead of one, with 
the diodes connected in both series and parallel. 
A diode may usually fail due to a breakdown (a 
short-circuit) or an open-circuit. Let each diode 
have a forward resistance of 10 Q and a reverse 
resistance of / MQ. If, say, diode / breaks down 
so that its resistance falls practically to zero, 
diodes 2 and 4 will operate so that their total 
forward resistance is 5Q and their total reverse 
resistance is 0.5 MQ. If, on the other hand, diode 
] is open-circuited, diodes 2, 3 and 4 will remain 
operating. They will present a total forward 
resistance of 15Q and a total reverse resistance 
of 1.5 MQ. 

A similar situation will arise, should any other 
diode fail. The probability that two diodes will 
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Fig. 9-20 
Redundancy by duplication in the case of crystal 
diodes 


fail at the same time and lead to a failure of all 
the four diodes is negligibly small. Thus, dupli- 
cation is a very efficient way of improving 
reliability. (The same principle operates, as has 
been noted earlier, in the human brain.) 

Monolithic/thin-film ICs. In applications cal- 
ling for better integrated passive elements, it is 
usual to combine monolithic and thin-film in- 
tegrated circuits. This combination uses a semi- 
conductor chip in which active elements (diodes 
and transistors) are manufactured. Then the 
chip is overlaid with an insulating SiO, layer on 
which thin-film passive elements are deposited. 
The circuit of Fig. 9-4 manufactured by this 
technology is shown in Fig. 9-21. Of course, 
such ICs are more expensive and larger in size 
than monolithic ICs, but they show a better 
performance. 

Steps involved in the manufacture of ICs. In 
simplified form, the steps involved in the manu- 
facture of monolithic ICs are shown in 
Fig. 9-22. Several more steps actually precede 
the sequence shown. Namely, a p-type single 
crystal ingot of silicon is first grown, the ingot is 
sliced into round wafers to form the substrate 
upon which all integrated components will be 
fabricated, one side of each wafer is lapped and 
polished to eliminate surface imperfections be- 
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Fig. 9-21 
Monolithic-thin film IC 


fore proceeding with the next process, an n-type 
epitaxial layer is grown into the p-type sub- 
strate, this layer is polished and cleaned and 
a thin layer of silicon dioxide (2) is formed by 
exposing the epitaxial layer to an oxygen and 
steam atmosphere at about 1000°C. The mo- 
nolithic technique requires the selective removal 
of the SiO, to form openings through which 
impurities may be diffused. For this purpose, the 
wafer is coated with a uniform film of a pho- 
tosensitive emulsion called the photoresist (1). 


(a) 1 


Fig. 9-22 
Manufacture of a monolithic IC 


The photoresist, when exposed to radiation, 
may become either acid-resistant (or, conver- 
sely, acid-soluble, depending on the choice of the 
material). Then the photoresist is irradiated with 
ultraviolet light (Fig. 9-225) through a mask (3) 
prepared from a large black-and-white layout of 
the desired pattern of openings to give a ne- 
gative or stencil consisting of transparent and 
opaque areas. The irradiated areas (4) of the 
photoresist become acid-resistant. Then the 
areas not exposed to UV radiation (/ and 2) are 
etched away (Fig. 9-22c) to leave openings (5) 
through which the dopants (6) are to be diffused 
from a hot gas (Fig. 9-22d). This is known as the 
Photolithographic process. — 

The diffusion of the dopants through the 
openings produces n-type isolation islands. The 
photoresist remaining on the wafer is then 
removed (stripped) with a chemical solvent. 
Then everything is repeated all over again, that 
is, a SiO, layer is formed, a photoresist is 
applied, another photomask is laid over it, the 
photoresist is exposed to UV light to form a 
smaller opening through which acceptor atoms 
are diffused so as to form a p-region within the 
n-region, etc. 


9-4 Charge-Coupled Devices and 
Inteprated Injection Logic (I°L) Chips 

Charge-coupled devices (CCDs) belong to 
a wider class of what are called charge-transfer 
devices (CTDs). To visualize their operation, 
imagine a MOS transistor with an extremely 
long channel and with many gates closely 
spaced between source and drain. Such an 
arrangement is in effect a chain of MOS ca- 
pacitors each of which is formed by one of the 
gates and the substrate, and the input signal is 
transferred along this chain. 

In recent years, CCDs have come to be used in 
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microelectronics as memory elements, delay 
lines, filters, signal-processing circuits, logic ga- 
tes, and solid-state imaging devices (SSIDs) used 
instead of conventional TV tubes. 

The first CCD was fabricated by Boyle and 
Smith of the United States in 1969. The idea of 
a memory made up of a chain of capacitors was 
put forward as far back as 1934 by V. K. Zwo- 
rykin of the United States known for his work 
on TV camera tubes. In 1948, N. Wiener, the 
founder of cybernetics, also pointed to the 
possibility of storing information as a charge on 
capacitors and of transferring this charge from 
one capacitor to the next. 

A major advantage of CCDs is their simple 
design. The general arrangement of a CCD is 
shown in Fig. 9-23. This is a three-phase sym- 
metrical CCD consisting of a chain of MOS 
capacitors on acommon p-type substrate. At the 
input and output, this chain may have diodes or 
FETs. The metal electrodes positioned along 
the device measure 10 to 15 tm and the spacing 
between them is 2 to 4 um. The row of metal 
electrodes is separated from the p-type substrate 
by a layer of SiO, with a thickness of 0.1 pm. 

A CCD can operate in two basic modes: (1) 
storage of information as a charge on one or 
several capacitors and (2) transfer of this charge 
from one capacitor to the next along the chain. 
In digital circuits, information is stored in 
binary form, that is, the presence of a charge 
corresponds to a logical 1, and the absence of 
a charge to a logical 0. In analog circuits, the 
amount of charge varies in a manner replicating 
the input signal. 

Electrodes /, 2 and 3 make up a single cell of 
a CCD. The input electrode injects electrons 
across the n*-p junction. The injection current 
can be controlled by varying the gate voltage. 
Charge transfer from electrode / to electrode 
2 and so on can take place only if the voltage 
applied to the electrodes is positive and the 
voltage at the next electrode exceeds that at the 
preceding one or is equal to it, that is, if 
V, >V, > 0, then V; > V, > 0, and so on. The 
voltage pulses applied to the electrodes for 
charge transfer are called clock pulses. They are 
usually 10-20 V in magnitude. 

Charge transfer from one electrode to the next 
is illustrated in Fig. 9-24. At time r,, the charge 
packet Q is stored under electrode /, so V, > 0 
and V, = V; = 0. The next instant, that is, at f,, 
a voltage V, equal to V, is applied to electrode 2. 
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Fig. 9-23 
IC using coupled-charge devices (CCDs) 
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Fig. 9-24 
Charge transfer in CCDs 


Now some of the charge packet is transferred 
into the region under electrode 2. At t,, when 
a voltage exceeding V, is fed to electrode 2, that 
is, when V, > V,, more of the charge packet 
moves into the region under electrode 2. Finally, 
at instant ¢,, when V, falls to zero and V, 
remains positive, V, > 0, all of the charge packet 
moves into the region under electrode 2. Charge 
transfer from electrode 2 to electrode 3 and so on 
proceeds in a similar manner. 

Charge storage in a CCD is limited by 
thermal electron-hole pair generation. The car- 
riers thus produced are trapped in empty po- 
tential-energy wells and, in time, change the 
logic state from a 0 to a 1. This phenomenon, 
called the dark-current effect, sets the lower 
frequency limit for CCDs (it may be tens of 
kilohertz) and the maximum storage time 
(which does not exceed 100 ps). The dark-cur- 
rent effect can be minimized by cooling the 
device. 
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The operating speed of a CCD is limited by 
the fact that, although charge transfer from one 
electrode to the next takes place by the drift 
mechanism, the process terminates as a diffusion 
of carriers, and the diffusion velocity is sub- 
stantially smaller than the drift velocity. Charge 


transfer is accompanied by a loss, but the’ 


efficiency is nevertheless as high as 97.0% to 
99.9%. As the efficiency approaches unity 
(100%), the operating speed falls off. Practically, 
the operating speed of CCDs corresponds to 
a maximum frequency of | GHz. 

For the simple planar electrodes of Fig. 9-23 
or 9-24 it is necessary to use three-phase clocks 
to transfer the charge longitudinally in one 
direction only. However, two-phase clocking is 
possible if nonplanar electrodes are used and 
each CCD cell has two instead of three elec- 
trodes. 

Of special interest are CCD-based solid-state 
imaging arrays. These imagers are simple in 
design and to make, small in size, light in weight, 
dissipate little power, have a high sensitivity, 
and are able to operate in visible, infrared and 
ultraviolet light. Despite some difficulties in 
manufacture, such imagers are very promising. 
Those already in use present an image as an 
array of several hundred thousand pixels (‘pixel’ 
is short for ‘picture element’). Importantly, a 
CCD camera is the size of a cigarette pack, 
weighs as little as 200 g, and draws a mere 2 W 
of power. 

Integrated injection logic (I?L) was proposed 
almost simultaneously in 1971 by engineers at 
the IBM Laboratories (at Boeblingen, West 
Germany) and at the Philips Research La- 
boratories (at Eindhoven, Holland). The former 
group called their invention merged-transistor 
logic (MTL), and the latter designated it in- 
tegrated injection logic. These two approaches 
led to essentially the same LSI device whose 
most popular acronym is I?L. They offer a 
number of advantages over conventional ICs. 
For one thing, they permit a very high scale of 
integration. For another, the supply voltage 
may be as lowas 0.5 to 0.9 V. Amere 107 !? J of 
energy is enough to do the necessary switching. 
I*L chips are very simple because they consist of 
only bipolar transistors and need no other 
circuit components or component isolation. I?L 
units can operate on currents and voltages 
varying between broad limits without causing 
any disturbance in the operation of the circuit. 


Injector Base Collector 


Emitter 
Fig. 9-25 
Planar I*L transistor 


Switch 


Fig. 9-26 
Connection of an I?L transistor in a circuit 


Their temperature range extends from — 60° to 
+ 125°C which is a very wide range indeed. 
They are simpler to make than any other devices 
based on bipolar transistors. They are especially 
suited for the manufacture of LSI chips, inclu- 
ding those for microprocessors. 

The principle on which an I?L unit is built 
and operates is illustrated in Figs. 9-25 and 
9-26. Figure 9-25 shows the structure of an 
N,-P>-N, planar I?L transistor which is a unit cell 
of an I?L chip. The n,-type material in this 
transistor acts as an emitter. In contrast to 
conventional planar transistor, the device in our 
case is used in the inverse mode. In addition to 
the transistor, there is also a p,-region called the 
injector, Inj. Together with the n,-type emitter 
and the p,-type base of the n,-p,-n, transistor, 
the injector makes up a p,-n,-p, transistor 
where the injector operates as an emitter. The 
junction between the injector and the substrate 
is called the injector junction. 

It is convenient to trace the operation of an 
I°L transistor by reference to Fig. 9-26 where 
the “+” and “—” signs at each junction label the 
space charges produced by impurity atoms. Let 
a forward voltage be applied to the injector 
junction from a supply source, £. The resistor 
Ris included to limit the voltage across and the 
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current through the injector junction. The ap- 
plied forward voltage causes holes to move from 
the injector into the n,-type emitter region, 
while the excess charge due to holes injected 
there under the influence of E is neutralized by 
in-coming electrons. The excess electrons and 
holes diffuse through the emitter to the n,-p, 
emitter junction which is enriched with charge 
carriers so that its potential barrier is brought 
down, and its resistance decreases. Holes and 
electrons diffuse farther through the p,-type 
base to the p,-n, collector junction and likewise 
reduce its potential barrier and resistance. 

In this way, the resistance of both junctions in 
the 1,-p,-n, transistor is reduced, and the 
transistor operates close to saturation, that is, 
similarly to a closed switch. If we now short- 
circuit the base to the emitter by closing the 
switch Sw, the voltage across the emitter 
junction will fall to zero, no more carriers will be 
able to arrive at the p,-n, collector junction, and 
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its resistance will go up abruptly. Thus, the 
transistor will move to a state close to cutoff, 
and this corresponds to an open switch. The job 
of switch Sw may be done by another I?L 
transistor driven to saturation. 

A typical I?L chip contains a chain of several 
transistors like those we have just examined. To 
all of them, the n-type chip is a common emitter, 
and there is a p-type region acting as a common 
injector. This explains the term ‘merged’. By 
definition, if one semiconductor region is part of 
two or more devices, these components are said 
to be merged. In the chain making an I?L chip, 
transistors at saturation alternate with tran- 
sistors at cutoff. If any one of them moves to 
saturation, it short-circuits the base and emitter 
of the next transistor which is then driven to 
cutoff. 

At present, quite a number of I?L types have 
been developed, and there is a continuous 
advance in this direction of microelectronics. 


Part Two 
Electron Tubes 
Chapter Ten 


Behaviour of Electrons in Electric 
and Magnetic Fields 


10-1 The Motion of Electrons 
in a Uniform Electric Field 


The interaction of moving electrons with an 
electric field is the basic process in electron 
tubes. Therefore, before we go any further, it is 
important to examine the motion of an electron 
in a uniform and time-invariant electric field. 

The laws governing the motion of a single 
electron in a uniform electric field may to 
a certain approximation be extended to the 
motion of electrons as an electron beam, if we 
neglect their mutual repulsion. This assumption 
does not lead to an appreciable error. 

In most cases, the electric field is other than 
uniform; rather, it presents a fairly complicated 
pattern. The motion of electrons in a nonuni- 
form electric field is difficult to investigate and 
belongs to a division of electronics called elec- 
tron optics. If an electric field is only slightly 
nonuniform, we may well deem that electrons 
move in accord with the laws deduced for 
a uniform field. Using these laws, we may also 
consider, albeit in approximate terms, the mo- 
tion of electrons in markedly nonuniform fields. 

As will be recalled, an electron is a material 
particle that has a negative charge, e, of 
1.6 x 107!° coulomb, and a rest mass of 
m=9.1 x 10778 g. The mass of an electron 
increases with increasing velocity. Theoretically, 
at a velocity equal to that of light, or 
c= 3x 108 ms~', the mass of an electron must 
become infinitely large. In ordinary electron 
tubes, electrons move at a velocity of not more 
than 0.1c, so the mass of electrons may be taken 
as constant. 

The motion of an electron in an accelerating 
field. The sketch in Fig. 10-1 shows lines of force 
representing a uniform electric field between 
two electrodes which may be, say, the cathode 
and anode of a diode. 

If the potential difference between the elec- 
trodes is Vand the spacing between them is d, the 


field strength will be given by 
E=V/d (10-1) 


For a uniform field, E is a constant quantity. 

Let the electrode at a lower potential, such as 
the cathode K, emit an electron whose kinetic 
energy is W, and whose initial velocity is uo, 
directed along the lines of force, or flux. The 
electron is attracted by the electrode having 
a higher potential, that is, the anode A. Thus, the 
field accelerates the electron in its travel to the 
anode, and the field is quite aptly called an 
accelerating one. 

The field strength (or intensity) is numerically 
equal to the force exerted on a unit positive 
charge. Therefore, the force acting on an elec- 
tron is 


F=—eE (10-2) 


The “—” sign implies that the force F points in 
the direction opposite to the vector E. Some- 
times, the “—” sign is omitted. 

Owing to the constant force F, an electron is 
given an acceleration 


a=F/m 


Moving rectilinearly, an electron acquires a 
maximum speed u and a maximum kinetic 
energy Wat the end of its travel, that is, when it 
strikes the collecting electrode. Thus, in an 
accelerating field, the kinetic energy of an elec- 
tron is enhanced owing to the work done by the 
field in moving the electron. By the law of 
conservation of energy, the increase in the 
kinetic energy of an electron, W— W,, is equal 
to the work done by the field, which is in turn 
defined as the product of the moved charge e by 
the potential difference through which it has 


been moved, V: 
W— W, = mu?/2 — mu2/2 = eV (10-3) 


If the initial velocity of an electron is zero, 
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Fig. 10-1 
Motion of electrons in an accelerating electric field 


then 
Wo = mu2/2=0 and W= mu?/2=eV (10-4) 


that is, the kinetic energy of an electron is equal 
to the work done by the field. 

With some approximation, Eq. (10-4) may be 
used even when the initial velocity up is a small 
fraction of the final or terminal velocity u 
because 


mu2/2 « mu?/2 


If we agree that the charge on an electron is 
the unit of the quantity of electricity, then the 
energy acquired by an electron when passing 
freely through a potential difference of one volt, 
V= 1 volt, may be taken as the unit of energy 
called the electron-volt, eV. It is convenient to 
express electrofyenergy in electron-volts and not 
in joules. 

As follows from Eq. (10-4), the terminal 
velocity of an electron is 


u = (2eV /m)!/2 (10-5) 


On substituting the expressions for e and m in 
the above equation, we can derive an expression 
for velocity, convenient for use in calculations, 
in metres or kilometres per second: 


ux6x 105V'? or ux 600 V!/? (10-6) 


Thus, the velocity of an electron in an ac- 
celerating field is a function of the potential 
difference through which the electron has passed 
(or fallen, as is customary to say). 

It is convenient to express the energy acquired 
by an electron in electron-volts subject to the 
equality 
W, =eVY (10-7) 


that is, assuming that this energy is due to an 
accelerating field with a potential difference V. 

Electrons can acquire appreciable velocities 
even in the presence of a small accelerating 
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potential difference. For example, when V= | 
volt, the velocity of electrons is 600 km s~}, 
while at V= 100 volts, the velocity is 6 000 km 
3%. 

The time it takes for an electron to cover the 
spacing between the electrodes is given by 


t=d/u,, (10-8) 
where u,, is the average velocity or, rather, 


arithmetic mean of the initial and terminal 
velocities 


Ugy = (Up + u)/2 (10-9) 
If uy < u, then 
Uay © u/2 and t © 2d/u (10-10) 


On substituting here the expression for the 
terminal velocity, we obtain the transit time in 
seconds 


t = 2d/(6 x 10° x V2) 
= 0.33 x 107-Sa/V/2 (10-11) 


where the spacing d is in metres. If we express it 
in millimetres, we finally get 


t= 0.33 x 107-8d/v'/? (10-12) 
For example, at d = 3 mm and V= 100 volts, 
the transit time is 


t= 0.33 x 1078 x 3/1001’? = 10-9 s 

= 1077 ps: = 1 ns 

The transit time of electrons in electron tubes 
is more difficult to find because the field in a tube 
is anything but uniform. Practically, the transit 
time is 10~ 8-107 !° s. This is a very short time 
and it may be neglected in many cases so that 
electron tubes may be deemed free from tran- 
sit-time (electron inertia) effects. Still, since 
electrons have a finite mass, they cannot change 
their velocity instantaneously and cannot move 
from one electrode to the other likewise in- 
stantaneously. At UHF and SHF, the transit 
time of electrons in a tube becomes comparable 
with the period of oscillation. For example, at 
f= 1000 MHz, T=10~°s, and an electron 
tube ceases to be free from transit-time (electron 
inertia) effects. Thus the electron inertia be- 
comes a serious factor. At LF and HF, the 
period Tis many times the transit time of an 
electron and the a.c. voltages at the tube 
electrodes remain practically unchanged in the 
meantime. Therefore, it may be thought that 
during the electron travel from one electrode to 
the other the electrode voltages remain con- 
stant. 
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The operation of a tube at constant electrode 
voltages is referred to as the static mode of 
operation. When the voltage of at least one 
electrode varies so fast that the relationships of 
the static mode are no longer applicable, a tube 
is said to be in the dynamic mode of operation. If, 
on the other hand, the voltage of at least one 
electrode varies at a low frequency so that the 
events occurring in the tube may be treated, at 
least approximately, on the basis of static re- 
lations, we have what is often called the quasi- 
static mode of operation. 

The expressions describing the energy, ve- 
locity and transit time of an electron hold for 
any part of its path, but the quantities W, u, t, d 
and V refer to a particular part of the path rather 
than to the entire interelectrode spacing. While 
the field strength varies from one part of the 
path to another, the terminal velocity of an 
electron is solely decided by the terminal 
potential difference and the initial velocity of the 
electron. Although its acceleration will be 
different at different points along the path, this 
factor is of no significance for the calculation of 
the terminal velocity. It follows from the law of 
conservation of energy that the terminal po- 
tential difference V is equal to the algebraic sum 
of the potential differences existing at various 
points along the path. Therefore, the overall 
increment in the kinetic energy is equal to the 
product eV. 

The difference in electron acceleration be- 
tween the various points along the path tells 
only on the transit time. For the entire path it is 
equal to the sum of the time intervals during 
which an electron traverses the individual 
segments of the path. 

The motion of an electron in a retarding field. 
Let the initial velocity uw, of an electron point ina 
direction opposite to that of the force F exerted 
on the electron by the field (Fig. 10-2). In other 
words, this electron has been emitted at some 
initial velocity by the electrode having a higher 
potential. Since F acts in the direction opposite 
to uo, the electron is retarded or, describing the 
process more precisely, the electron is in a 
rectilinear, uniformly retarded motion, and the 
field is referred to as a retarding field. In 
consequence, one and the same field may be 
accelerating for some electrons and retarding for 
others, depending on the direction of the initial 
velocity of the electrons. 

The force F is defined as before by Eq. (10-2), 
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Fig. 10-2 
Motion of an electron in a decelerating electric field 


but the acceleration must be taken with a “—” 
sign. The kinetic energy of electrons in the 
presence of a retarding field is reduced because 
the work in moving them is done not by the field 
but the electrons themselves in overcoming the 
opposition of the field forces. Thus, an electron 
moving in a retarding field gives up some of its 
energy to the field. 

If the initial energy of an electron is eV) and it 
passes in the presence of a retarding field 
through a potential difference V, its energy is 
reduced by eV. When eV, > eV, an electron will 
be able to traverse all of the spacing between the 
electrodes and to impinge upon the electrode 
having a lower potential. If, on the other hand, 
eV, < eV, an electron, on having fallen through 
the potential difference V, will have lost all of its 
energy, its velocity will be zero, and it will be 
accelerated in the reverse direction. For its 
travel in the reverse direction, the electron has 
an initial velocity of zero and moves in an 
accelerating field which returns to the electron 
the energy it lost while moving in the retarding 
field. 

When such an electron arrives at the electrode 
having a higher potential, it has been ac- 
celerated to uy. In other words, the electron 
moves similarly to a body which was thrown 
vertically upwards and allowed to fall freely, if 
there were no opposition from air. 

The motion of an electron in a uniform 
transverse field. If an electron is ejected at vu) and 
at right angles to the lines of force (Fig. 10-3), 
the field will exert on it a force F defined by 
Eq. (10-2) and directed towards the higher 
potential. In the absence of the force F, the 
electron would have been in a rectilinear and 
uniform motion at velocity ug due to inertia. 
Actually, the force F causes the electron to be in 
a uniformly accelerated motion at right angles 
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to the direction of uy. The resultant motion of 
the electron is along a parabola and towards the 
positive electrode. If the electron misses the 
electrode and moves beyond the field, as shown 
in the figure, it will keep moving by inertia 
rectilinearly and uniformly, like a body thrown 
at some initial velocity in a horizontal direction. 
If there were no air, such a body would have 
descended by gravity along a parabolic trajec- 
tory. 

When an electron enters the field at an acute 
or an obtuse angle, it likewise traces out a 
parabola, and it may either hit one of the 
electrodes or move beyond the field. 

As has been shown, an electric field always 
changes the kinetic energy and velocity of an 
electron one way or another. Thus, the electron 
and the electric field always exchange energy. If 
the initial velocity of an electron makes an angle 
with the lines of force rather than points along 
the flux, the electric field will additionally bend 
the travel path of the electron. Now the velocity 
of an electron striking the electrode will be 
determined solely by its initial velocity and the 
potential difference through which it has fallen 
between the terminal points of the path, ir- 
respective of the potentials existing at inter- 
mediate points. 


10-2 The Motion of Electrons 
in a Nonuniform Electric Field 


Nonuniform electric fields have widely dif- 
fering and often very complicated patterns. In 
them, field intensity varies from point to point in 
a multitude of ways, and the lines of force are 
usually curved in all possible manners. All of 
these factors complicate the study of electron 
motion in such fields. 

The simplest case is the radial nonuniform 
field formed between cylindrical electrodes and 
often encountered in electron tubes (Fig. 10-4a). 


(b) 


(a) 
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Fig. 10-3 


Motion of an electron in a uniform transverse electric 
field 


If the initial velocity of an electron ejected by the 
surface of the inner electrode is directed along 
the lines of force, the electron will move recti- 
linearly and at some acceleration along a radius. 
On moving away from the inner electrode, 
however, the field intensity (the flux density or 
the number of lines of force per unit area) and 
the force exerted on the electron are progres- 
sively reduced, and, in consequence, the ac- 
celeration is also reduced. 

In the more general case, the lines of force in a 
uniform field are curves. If this is an accelerating 
field (Fig. 10-45), an electron starting out at an 
initial velocity uv, will travel along a path curved 
to the same degree as the lines of force. If an 
electron had no mass and, in consequence, no 
inertia, it would travel along the lines of force. 
But an electron has both mass and inertia, and 
so it tends to move along straight lines and at the 
velocity it acquired during the previous travel. 
However, the force exerted by the field on an 
electron is tangent to the lines of force and, since 
the lines of force are curved, it makes an angle 
with the velocity vector of the electron. 
Therefore, the electron path is bent, but lags 
behind in this bending from the lines of force 
owing to the electron inertia. 


(c) 


Fig. 10-4 
Motion of an electron in a nonuniform electric field 
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Fig. 10-5 
Electron-beam focusing and spread in a nonuniform electric field 


In a retarding nonuniform field with curved 
lines of force (Fig. 10-4c), the force exerted on an 
electron by the field likewise bends the path and 
changes the velocity of electrons. However, the 
bending is away from the lines of force, and the 
velocity of the electron is reduced because it 
moves towards points at lower potentials. 

Let us examine the motion of an electron 
stream in a nonuniform field, neglecting the 
interaction of the electrons in the stream, or 
beam, for simplicity. The motion of an electron 
beam in an accelerating nonuniform field is 
shown in Fig. 10-5a. When the lines of force 
converge in the direction of electron travel, we 
have what may be called a converging field—its 
intensity is increased towards the point of 
convergence. Let a beam of electrons whose 
velocities are parallel enter this field. For simpli- 
city, the figure shows only the middle and outer 
electrons of the beam. Obviously, their paths are 
bent in the same direction as the lines of force, 
and only the middle electron keeps moving 
rectilinearly along the central line of force. As 
a result, the electrons are brought closer to- 
gether —the electron beam is said to be focused. 
Electron-beam focusing is not unlike light beam 
focusing by a collecting lens. In addition, the 
electron beam is accelerated. 

When the lines of force diverge in the direction 
of electron-beam travel (Fig. 10-55), we have 
what is called a diverging (or divergent) field. In 
such a field, the electron paths move away from 
one another, and the electron beam is spread 
sidewise. Therefore, a diverging accelerating field 
acts as a defocusing lens for the electron beam. 

If we have a converging retarding field 
(Fig. 10-15c), the electron beam will be de- 
focused and retarded. Conversely, a diverging 
retarding field will focus the electron beam. 


Electron-beam focusing and defocusing are wi- 
dely used in many electron tubes. 

Electron optics deals with many other cases of 
electron motion in a nonuniform field. As a rule, 
the field is then represented with the aid of 
equipotential surfaces* or, rather, by the lines 
along which these surfaces intersect the plane of 
the drawing, represented by the dashed lines in 
Fig. 10-5. In this figure, equipotential surfaces 
are labelled every 10 V. Where the lines of force 
come closer together, the field intensity is higher, 
and the equipotential surfaces are spaced closer 
apart. The bending of electron paths is shown by 
a kink where they pass through an equipotential 
surface. This change of direction is similar to the 
refraction experienced by light beams. 


10-3 The Motion of Electrons 
in a Uniform Magnetic Field 


Some electron devices depend for their ope- 
ration on the motion of electrons in a magnetic 
field. We will investigate the motion of electrons 
in a uniform magnetic field because the theory 
explaining the motion of electrons in a non- 
uniform magnetic field is too complicated to be 
taken up in a text like this. When a magnetic 
field is only slightly nonuniform or when precise 
quantitative results need not be sought for, we 
may well use the laws formulated for the motion 
of an electron in a uniform field. 

Let an electron enter a uniform magnetic field 
at an initial velocity uy directed at right angles to 
the magnetic lines of force (the magnetic flux) 
(Fig. 10-6). In the circumstances, the electron is 
acted upon by what is called the Lorentz force 
F which is perpendicular to the velocity vector 


* An equipotential surface is at right angles to the 
lines of force, and all of its points are at the same 
potential. 
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ig and the magnetic flux density (or magnetic 
induction) vector B: 


F = ei, B (10-13) 


As is seen, at u, = 0, the Lorentz force is zero, 
which implies that the magnetic field exerts no 
force on a stationary electron. 

The Lorentz force bends the electron path 
into an arc ofa circle. Because Fis at right angles 
to tig, it does no work. The energy and velocity 
of the electron remain unchanged, but the 
direction of its velocity does change. As will be 
recalled, a body moves in a circle (rotates) at 
a constant velocity owing to the action of 
a centripetal force (that is, a force directed 
towards the centre of a circle), or the force F. 

Several rules have been formulated by which 
the direction of an electron’s motion in a 
magnetic field can conveniently be determined. 
One rule states: If the observer is looking in the 
direction of the magnetic lines of force (the 
magnetic f lux), the electron will appear moving 
clockwise. The same rule may be re-stated like 
this: The rotation of an electron is coincident with 
the rotation of a screw advancing in the direction 
of the magnetic lines of force. 

Let us determine the radius r of the circle 
described by a moving electron. To this end, we 
can use an expression for a centripetal force, 
known from mechanics: 


(10-14) 


and equate it to the force F as defined by 
Eq. (10-13): 


mug /r = euyB 


F = mu2/r 


Hence, 
(10-15) 


The higher the velocity uy of an electron, the 
more it tends to move ina straight line by inertia 
and the greater the radius of curvature of its 
path. On the other hand, an increase in B leads 
to an increase in F, the path is bent more, and 
the radius of curvature is reduced. 

The above equation holds both for electrons 
and for any particles of any mass and charge. 
Therefore, we will examine the dependence of 
ron mand e. The higher the mass m, the more a 
charged particle tends to move in a straight line 
by inertia; and so the radius r becomes greater. 
The greater the charge e, the greater the force F, 
and the path is bent increasingly more so that 


r=mu,/eB 
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Fig. 10-6 


Motion of an electron in a uniform transverse mag- 
netic field 


Fig. 10-7 


Motion of an electron along a spiral path in a uniform 
magnetic field 


the radius is reduced. Outside the range of the 
magnetic field, an electron will keep moving in 
a straight line. If, on the other hand, the radius of 
the path is small, an electron may describe 
closed circular paths inside the magnetic field. 

It is an easy matter to say how an electron will 
interact with a magnetic field in the more 
general case when the electron enters the field at 
any angle (Fig. 10-7). Let us choose a coor- 
dinate plane such that the initial velocity vector 
of an electron lies in that plane, and the x-axis is 
in the same direction as the vector B. We then 
resolve #% into rectangular components i, and 
#,, each running along the respective coorinate 
axis. The motion of an electron at velocity u, is 
equivalent to a current along the lines of force, 
but the magnetic field does not act on such 
a current. 

Hence, u, experiences no changes. If an 
electron had only this velocity u,, it would be 
moving in a straight line and at a uniform rate. 
In contrast, u, is at right angles to the magnetic 
lines of force, and the field affects it in the same 
manner as it does in the case we discussed earlier 
(Fig. 10-6). Having only the velocity u,, an 
electron would describe a circular path in 
a plane which is at right angles to the magnetic 
flux. 
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The resultant motion of an electron is along 
a spiral path. Depending on the values of B, u, 
and u,, this spiral path may be a tight one or 
a broad one. Its radius can readily be found on 
substituting the value of u, into Eq. (10-15). 

It is to be stressed once more that a magnetic 
field only changes the direction of an electron’s 
velocity, but does not affect its magnitude. This 
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implies that there is no energy exchange between 
an electron and a magnetic field. Thus, in 
comparison with an electric field, a magnetic 
field produces a more limited action on elec- 
trons. This is the reason why a magnetic field is 
used more seldom than an electric field for the 
control of an electron beam. 


Chapter Eleven 


The Basic Structure and Operation 
of Electron Tubes 


11-1 A General Outline and 

Classification of Electron Tubes 

Electron tubes can be used to transform elec- 
trical quantities, such as current or voltage, in 
waveform, magnitude and frequency, and also 
to convert radiant energy into electricity and 
back. Some tubes can convert an optical (visible) 
image into an electric current having an ap- 
propriate waveform or a current into a visible 
image (such as in TV and CRO tubes). Tubes 
provide a means for controlling electric, light 
and other quantities continuously or stepwise at 
a high or a low rate and with a low energy input 
into the control process itself, that is, without an 
appreciable impairment in overall efficiency. 
Owing to their low inertia, electron tubes can 
effectively operate over a huge frequency range 
extending from zero to 101? Hz. 

The above advantages of electron tubes have 
made them well suited for rectification, am- 
plification, signal generation, frequency con- 
version, oscilloscopy of electrical and nonelec- 
trical quantities, automatic process control, TV 
transmission and reception, various measure- 
ments, and many other applications. 

An electron tube refers to a device in which the 
work space bounded by a gas-tight envelope is 
highly rarefied or filled with a suitable medium 
(a vapour or a gas) and which depends for its 
operation on the electric phenomena that take 
place in a vacuum or a gas. 

A vacuum refers to a state of a gas, notably air, 
under a pressure which is lower than atmosphe- 
ric. As applied to electron tubes, the term 


‘vacuum’ is defined from the manner in which 
electrons move in a device. If electrons are free to 
move in the work space without colliding with 
the gas molecules remaining after the envelope 
has been pumped out, we will have a vacuum. If, 
on the other hand, electrons do collide with gas 
molecules, we will have a rarefied gas. 

Electron tubes may be classed into vacuum 
tubes in which the current flow is constituted 
solely by electrons moving in a vacuum, and 
gas-filled (or simply gas) tubes which depend for 
their operation on an electric discharge in a gas 
(or a vapour). 

In vacuum tubes, ionization is practically 
non-existent, and the work space is pumped out 
(evacuated or rarefied) to a pressure of less than 
100 Pa which is classed as a high (or hard) 
vacuum. 

In gas-filled tubes, the pressure may be 
1.33 x 1071 Pa (10~* mm Hg) and higher. A 
substantial proportion of the moving electrons 
collide with the gas molecules and ionize them. 

One way to classify vacuum tubes is ac- 
cording to the function(s) they are designed to 
perform. Thus we have transmitting, amplifying, 
rectifying, frequency-changing, detector, instru- 
ment and other tubes. Most of them are in- 
tended for continuous-wave (CW) working, but 
there are also tubes specifically designed for 
pulse working. In them, current flows in the 
form of pulses whose width is usually a small 
fraction of the spacing between them. 

Another way to classify tubes is by frequency 
into low-frequency (usually audio-frequency or 
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a.f.), high-frequency (usually radio-frequency or 
r.f.), and microwave tubes. 

In all electron tubes, the electron stream or 
beam can be controlled by causing an electric or 
a magnetic field to act upon it. 

Vacuum tubes having two diodes, a cathode 
and an anode, are called diodes. Rectifying 
diodes for heavy duty have the special name of 
kenotrons. Tubes fitted with control electrodes 
in the form of an open structure such as a mesh 
or a plate with a hole in it (commonly called 
a grid) may have from three to eight electrodes 
and are respectively called triodes, tetrodes, 
pentodes, hexodes, heptodes, and octodes. Tubes 
with two or more grids are sometimes referred to 
as multi-grid tubes. If a tube has several sets of 
electrodes, each with an electron beam of its 
own, they are called multi-unit tubes (such as 
dual diodes, dual triodes, triode-pentodes, dual 
diode-pentodes, and so on). 

The basic types of gas-filled tubes are sta- 
bilizer diodes, thyratrons, character-indicator tu- 
bes, mercury-arc tubes, etc. 

There is a large group of cathode-ray tubes 
which include kinescopes (or TV picture tubes), 
TV camera tubes, CRO and storage tubes, elec- 
tron-optical image converters, beam-switching 
tubes, radar-and solar CRTs (or indicator tubes), 
etc. , 

The group of phototubes includes vacuum 
phototubes, gas phototubes, and electron mul- 
tipliers. : 

A special place is occupied by X-ray tubes, 
particle counter tubes, and some other spe- 
cial-purpose devices. 

Electron tubes may further be classified ac- 
cording to the type of cathode used (hot or cold), 
the envelope material (glass, metal, ceramic, or 
combination), and the form of cooling (natural 
or radiant and forced by air, water, or eva- 
porative). 


11-2 The Basic Structure and Operation 
of the Diode 


Diodes are primarily designed to rectify al- 
ternating current. Sometimes diodes may be 
used to generate noise (that is, currents and 
voltages varying in a random manner), to limit 
pulses, etc. 

A diode has two electrodes enclosed in an 
evacuated glass, metal, or ceramic envelope. 
One electrode is a hot cathode which serves to 
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Fig. 11-1 Fig. 11-2 
Cylindrical electrodes of Circuits of a diode using 
a diode an indirectly heated 
cathode 


emit electrons. The other electrode, an anode, 
serves to collect the electrons emitted by the 
cathode. The cathode and anode of a vacuum 
diode are similar, respectively, to the emitter and 
base of a semiconductor (or crystal) diode. The 
anode will attract electrons if it is at a positive 
potential with respect to the cathode. The space 
between the anode and the cathode is occupied 
by an electric field which accelerates the elec- 
trons emitted by the cathode. Acted upon by the 
field, the emitted electrons stream towards the 
anode. 

In the simplest case, the cathode is a wire 
heated by current to a temperature sufficient for 
electrons to free themselves from its surface. 
This is what is known as the directly heated 
cathode. Wide use is made of indirectly heated 
cathodes in which case the cathode proper is 
a metal cylinder given a coat of active material 
that emits electrons. The cylinder encloses the 
heater which is a wire raised to incandenscence 
by current. In the most common type of vacuum 
diode, the anode is a cylinder (Fig. 11-1) whose 
axis is the cathode. 

The circuits of a diode using an indirectly- 
heated (or heater) cathode are shown in 
Fig. 11-2. The anode circuit is the main circuit. 
It includes an anode supply source E, and the 
anode-to-cathode space. 

All electrons emitted by the cathode consti- 
tute what is known as the emission current 


I, = Ne (11-1) 


where N is the number of electrons emitted per 
second, and e is the electron charge. 

In the anode-to-cathode space, the electrons 
form a negative space charge which impedes the 
travel of electrons towards the anode. When the 
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potential at the anode is not positive enough, 
not all of the emitted electrons are able to 
overcome the effect of the space charge, and 
some of them fall back to the cathode. 

The electrons that do not come back to the 

cathode make up the cathode current designated 
as I, or i: 
, =ne<iI, (11-2) 
where n is the number of electrons that are 
emitted by the cathode every second and do not 
fall back to the cathode. 

The higher the potential at the anode, the 
greater the number of electrons that are able to 
overcome the effect of the space charge and to 
reach the anode, that is, the greater the cathode 
current. 

The stream of electrons moving inside the 
diode from cathode to anode and reaching the 
anode constitutes the anode current of the diode. 
It flows in the anode circuit and is given the 
symbol I, or i,. Ina vacuum diode, the cathode 
current is always equal to its anode current 
i= ip (11-3) 

The anode current is the principal current of 
a vacuum tube. The electrons that constitute it 
move from cathode to anode inside the tube and 
from the anode to the “+” terminal of the anode 
supply source outside the tube, then within the 
source, and finally from the “+” terminal of the 
supply source to the cathode of the tube. 

A change in the positive potential at the 
anode brings about a change in the cathode 
current and in the equal anode current. This is 
the essence of the electrostatic control of anode 
current. 

Should the anode be negative with respect to 
the cathode, the field between them will retard 
the electrons escaping from the cathode and 
drive them back. In such a case, both the 
cathode and anode currents will be equal to 
zero. 

The most important property of a diode is 
that it conducts current in one direction only. 
Electrons are able to move only from the hot 
cathode to the anode held at a positive potential 
with respect to the cathode. Should the anode be 
negative with respect to the cathode, the diode 
will be rendered non-conducting, and the anode 
circuit will in effect be opened. A negative anode 
repels electrons, but it is not raised to in- 
candescence and cannot emit any electrons 
itself. Thus a diode has the property of uni- 
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directional conduction and is able, similarly to 
a semiconductor diode, to rectify alternating 
current. In contrast to semiconductor diodes, 
however, practically no current is flowing in a 
vacuum diode when a reverse voltage is applied 
to it. In a.c. rectification, the anode supply 
source has an alternating emf component. 

Anode current is a fraction of a milliampere in 
low-power diodes such as are used in radio 
receivers or instruments. In high-power diodes 
used in heavy-duty rectifiers (kenotrons), anode 
current may be several hundred milliamperes or 
even greater. 

Anode current will flow subject to two con- 
ditions: (1) the cathode should be raised to 
a temperature sufficient for electron emission to 
take place and (2) the anode must be positive 
with respect to the cathode. 

The difference in potential between the anode 
and the cathode is called the anode voltage and is 
given the symbol V, or v,. A positive anode 
voltage sets up an accelerating electric field 
which drives electrons from cathode to anode. 

In practical circuits where the anode circuit 
contains a load across which some of the anode 
supply voltage is dropped, the anode voltage is 
smaller than £,. It is important to differentiate 
between the two voltages. Confusion sometimes 
arises when the anode supply voltage E, is 
erroneously called the anode voltage. They are 
equal only when the terminals of the anode 
supply source are connected to the anode and 
cathode of a tube directly (Fig. 11-2). The 
positive anode voltage in low-power diodes is 
a fraction of a volt or several volts. In medi- 
um-power rectifying diodes, it is tens of volts, 
and in kenotrons it is hundreds of volts or even 
greater. 

By convention, the cathode potential is taken 
as datum or reference (zero potential) because 
electrons set out on their travel to the anode at 
the cathode. The potential of any other elec- 
trode in a tube is determined relative to the 
cathode. In the case of a direct-heated cathode, 
the point of zero potential is assumed to be at 
the “—” terminal of the filament voltage supply 
source. 

The other circuit of a diode is the filament 
circuit (in the case of a directly heated cathode) 
or the heater circuit (in the case of an indirectly 
heated cathode). It contains the filament (or 
heater) supply voltage source, symbolized as E; 
or £,,, as is appropriate. The filament (or heater) 
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current is designated as I, (or J,,), and the 
filament (or heater) voltage, that is, the voltage 
between the filament or heater terminals, as V, 
(or V,,). The filament (heater) voltage is always 
low, being units or, seldom, tens of volts. The 
filament (heater) current is usually greater than 
the anode current. In low-power tubes, it is tens 
of milliamperes; in high-power tubes it may be 
as high as tens or even hundreds of amperes. If 
E; is in excess of the normal value for V,, it is 
usual to place a rheostat or a fixed swamping (or 
dropping) resistor in the filament (heater) cir- 
cuit. A rheostat may also be used to adjust the 
filament voltage and current. The filament vol- 
tage is read by a voltmeter placed in shunt with 
the filament (or heater). 

In many circuits, the cathode lead is con- 
nected to the metal case or chassis (Fig. 11-3). 
When several tubes are energized from a single 
filament supply voltage source, their heaters or 
directly heated cathodes are connected in pa- 
rallel. - 


11-3 The Basic Structure and Operation 
of the Triode 


A triode has a third electrode called the 
control grid, or simply the grid. It is placed 
between the anode and the cathode. In US usage 
which is becoming prevalent throughout the 
literature of the subject, the anode of all con- 
trol-type tubes to which the triode belongs is 
usually called the plate for the reason that in the 
early makes of tubes it was made in the form of 
a plane electrode.* The purpose of the grid is to 
provide electrostatic control of the anode, that 
is, plate current. A change in the grid potential 
with respect to the cathode brings about a 
change in the electric field strength and, in 
consequence, a change in the cathode current of 
the tube. 

In present-day triodes. the cathode and anode 
are similar to the cathode and anode of a diode. 
The grid is most often made in the form of 
a mesh of fine wires. In terms of the functions 
they perform, the cathode, grid, and anode of 
a vacuum triode are similar to the emitter, base 
and collector of a bipolar transistor or the 
source, gate and drain of a FET, respectively. 

All quantities associated with the grid or the 


* In this translation, preference is given to ‘anode’ 
for consistency in the terminology, symbols, etc.— 
Translator’s note. 
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(a) (b) 


Fig. 11-3 
Simplified circuits using a diode 


Fig. 11-4 
Currents in the triode circuits 


grid circuit have the subscript ‘g’ (which is short 
for ‘grid’). 

A vacuum triode has three circuits. They are 
the filament circuit and the anode circuit similar 
to those in a diode, and also the grid circuit 
(Fig. 11-4). The grid circuit consists of the 
cathode-grid space inside the tube and the grid 
supply voltage source E,. In practical circuits, 
some other circuit elements are included in the 
grid circuit. 

The difference in potential between the grid 
and the cathode is called the grid voltage and is 
given the symbol v, or V,. When the grid is at 
a positive potential, some of the electrons are 
intercepted by the grid, and a grid current is 
flowing in the grid circuit, designated as i, or I. 
The part of a triode consisting of the cathode, 
grid and cathode-grid space operates like a 
diode. 

The principal and useful current in a triode is 
the anode current. It is similar to the collector 
current of a bipolar transistor or the drain 
current ofa FET. The grid current, similar to the 
base current of a transistor, is useless and, 
indeed, harmful. As a rule, it is a fraction of the 
anode current. In many cases, measures are 
taken to prevent the flow of any grid current. 
For this to happen, the grid must be at a 
negative potential so as to repel electrons. 
Owing to the possibility of preventing the flow 
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of grid current, the triode substantially differs 
from the bipolar transistor which always ope- 
rates with some base current flowing. 

The cathode lead carries a sum of currents, 
called the cathode current 


(11-4) 


The cathode current is analogous to the emitter 
current of a bipolar transistor or the source 
current of a FET. To repeat, the cathode current 
of a diode is always equal to its anode current; in 
a triode the anode current is equal to the 
cathode current only when v, < 0 because then 
i, =0; 

: Similarly to the diode, the vacuum triode has 
the property of unidirectional conduction. 
However, it is not warranted to use triodes as 
rectifiers because diodes are simpler in design 
and less expensive. Since anode current can be 
controlled by varying grid voltage, the principal 
use for triodes is to amplify signals. Triodes are 
also used to generate signals at various fre- 
quencies. In most cases, the operation of triodes 
in oscillators and other special circuits reduces 
in the final analysis to amplification. 


=, + ly 


11-4 Electron Emission 


The principal electrode of any electron device 
is its cathode because it emits electrons. 

Electron emission refers to the liberation of 
electrons from the surface of a solid or liquid 
into a vacuum or a gas. The minimum energy 
that must be imparted to an electron for its 
escape from an emitting material at absolute 
zero temperature is called the electronic work 
function of that material. It varies from one 
metal to another and is a few electron-volts in 
magnitude. The greater the work function, the 
harder it is to bring about electron emission. The 
work function is smaller for metals in which the 
interatomic spacing is greater in comparison 
with other materials. The metals that have 
a relatively low work function include alkali and 
alkali-earth metals, such as cesium, barium and 
calcium. 

Other substances present as impurities on the 
surface of an emitting metal markedly affect its 
work function. If the surface of an emitter has a 
coat of a material whose atoms donate electrons 
to the host material, electron emission will be 
enhanced. Such materials are called emission 
activators. Their effect consists in that the atoms 
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Fig. 11-5 


Electric field between a metal and the positive ions of 
the activator 


donating some of their electrons are turned into 
positive ions. As a result, an electrostatic field is 
set up between the ion layer and the host metal 
(Fig. 11-5). This field accelerates the electrons 
tending to escape from the metal, and its 
electronic work function is reduced. 

The field between the activator film and the 
base metal is analogous to the field in a ca- 
pacitor whose plates are in the form of metal 
meshes (grids). In a capacitor an electrostatic 
field exists only between the plates, so when an 
electron finds its way between the wires of the 
negatively charged plate and into the field, it will 
be accelerated and leave the field through an 
opening in the positively charged plate. 

The work function can also be reduced by 
giving the cathode a coat of alkali or alkali-earth 
metal oxides. 

Electrons can be emitted in many ways. 

Thermionic emission. This form of electron 
emission results when an electron emitting body 
is heated. It is widely used in vacuum tubes. As 
the temperature of the cathode is raised, the 
conduction electrons in the material acquire 
a greater amount of energy, and this increase 
may prove sufficient for them to escape from the 
surface of the material. If the emitted electrons 
are not removed from the emitter surface by an 
accelerating field, they form an electron, or space 
charge, cloud near the emitter. The electrons 
within the space charge differ in energy, with the 
most of them possessing some average energy 
(Fig. 11-6). The average energy usually is a few 
tenths of an electron-volt. 

The electron space charge cloud is ina state of 
dynamic equilibrium: as more electrons escape 
from the surface of the hot material, an equal 
number from among those that escaped earlier 
return to the emitter. Thermionic emission is not 
unlike the evaporation of a liquid in a confined 
volume. There is always some saturated vapour 
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above the liquid. The molecules in the vapour 
differ in energy, and the greatest number of 
molecules possess some average energy. The 
saturated vapour is in a state of dynamic 
equilibrium with the liquid: as some molecules 
return to the liquid, an equal number acquire 
enough energy as heat and escape from the 
liquid. Starting at a certain definite temperature, 
any further heating will cause a sudden rise in 
thermionic emission. 

In tubes using a hot activated (say, oxide) 
cathode, thermionic emission can be boosted by 
an external accelerating field. This is the essence 
of the Schottky effect. If the cathode were not 
raised to incandescence, no emission would take 
place. With a hot electrode and in the presence 
of an external accelerating field, many more 
electrons escape from the cathode that would 
remain bound in the absence of such a field. Very 
many electrons escape from hot oxide and other 
activated cathodes when a strong electric field is 
applied instantaneously. This emission in the 
form of short bursts is utilized in some vacuum 
and gas-filled tubes. 

Field (autoelectronic or cold) emission. In this 
form of emission, electrons are pulled out of the 
cathode against the surface forces by a very 
strong electrostatic field. In this author’s opi- 
nion, the name ‘cold emission’ is a misnomer 
because all forms of emission, except thermionic 
emission, might be termed ‘cold’. 

At room temperature, electrons will escape 
from the surface of metals if the external electric 
field has an intensity of at least 10°-10° Vem ~?. 

Field emission can substantially be enhanced 
from a rough surface for the reason that the 
applied field is then concentrated at the mic- 
roscopic asperities on the surface. A coat of an 
activating (notably oxide) material also serves to 
boost field emission. Apart from the reduction in 
the work function of the base material due to the 
oxide film, some of the increase in the emission is 
due to the penetration of the external field into 
the semiconductor oxide layer and the surface 
irregularities of the oxide. 

Secondary electron emission. This form of 
emission takes place because the electrons pro- 
duced by the cathode may strike another elec- 
trode and eject more electrons by collision. The 
impinging electrons are called primary electrons. 
They penetrate the surface layer and give up 
their energy to electrons in that layer. Some of 
the latter electrons may acquire enough energy 
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Fig. 11-6 
Energy distribution of emitted electrons 


for them to escape from the material. These are 
secondary electrons. Secondary electron emis- 
sion usually takes place when the incident 
primary electrons have energies of the order of 
10-15 eV and higher. The total energy of the 
incident primary electrons is often sufficient to 
liberate several secondary electrons per incident 
particle. 

The magnitude of secondary emission can be 
characterized in terms of the secondary emission 
ratio defined as the number of secondary elec- 
trons emitted per incident particle 


o=n,/n, (11-5) 


where o = secondary emission ratio 
n, = number of incident primary elec- 
trons 
n, = number of emitted secondary elec- 
trons 

The secondary emission ratio o may be 
smaller or greater than unity, depending on the 
emitter material, its surface texture, the energy 
of incident primary electrons, the angle of 
incidence, and some other factors. For pure 
metals its maximum value is anywhere between 
0.5 and 1.8. With a coat of an activator, the 
secondary emission ratio may be 10 and more. 
Where an enhanced secondary emission is es- 
sential, resort is made to various alloys, such as 
an alloy of magnesium and silver, aluminium 
and copper, beryllium and copper, etc. Their 
secondary emission ratio may be in the range 
2-12 or greater, and the emission is more 
consistent than from other materials. Secondary 
emission may also occur from semiconductors 
and dielectrics. 

It is to be noted that there is no direct 
relationship between the secondary emission 
ratio and the work function. The overriding 
factor in secondary emission is the energy 
imparted by primary to secondary electrons and 
the ability of secondary electrons to move 
towards the surface from the bulk of the emitter 
without a substantial loss of energy. The events 


Ch. 11. Structure and Operation of Electron Tubes 


involved in secondary emission take place with- 
in the surface layer of the material and depend 
on its atomic and molecular structure. 

Figure 11-7 is a plot relating the secondary 
emission ratio, o, to the energy of incident 
primary electrons, W,. At W, less than 10-15 eV, 
no secondary emission occurs. It begins above 
that figure and keeps growing with increasing 
W, until it reaches a maximum following which 
it falls off (o decreases). Curve / applies to pure 
metals, and curve 2 to a metal given a coat of an 
activator. Secondary emission is usually a maxi- 
mum when W, is equal to several hundred 
electron-volts. The reduction in secondary emis- 
sion at higher values of W, is explained by the 
fact that incident primary electrons now move 
deeper into the emitting material and impart 
some of their energy to electrons lying farther 
away from the surface. The excited electrons 
then transfer this energy to other electrons and 
are not able to reach the surface with an energy 
sufficient for their escape. In a similar fashion, 
a stone falling into the water at a low velocity 
splashes it about while the same stone falling at 
a higher velocity will sink vithout causing any 
splashes. 

Secondary electrons escape in various di- 
rections and at different energies. If they are not 
withdrawn by an accelerating field, then form 
a space charge at the surface of the emitting 
material. The energy of most secondary elec- 
trons is higher than that of thermal electrons. 

Figure 11-8 shows the energy distribution of 
secondary electrons for some metal when the 
energy of incident primary electrons is W, = 
= 150 eV. Most secondary electrons escaping 
from the emitter have energies in the range from 
0 to S50 eV. The greater proportion has an 
energy of about 10 eV. Also, there is a marked 
number of secondary electrons whose energy is 
nearly equal to that of primary electrons. They 
are believed to be reflected electrons, although it 
is not unlikely that some primary electrons give 
up all of their energy to secondary electrons at 
the surface of the emitting material. Such 
electrons may escape without any loss of energy, 
that is, with an energy equal to W,. A rise in the 
energy of primary electrons leads to an increase 
in the number of secondary electrons of low 
energy. This checks with the idea that primary 
electrons move deeper into the material so that 
the secondary electrons reaching the surface lose 
more energy in the process. 


Fig. 11-7 


Secondary-emission ratio as a function of primary- 
electron energy 
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Fig. 11-8 
Energy distribution of secondary electrons 


For many years secondary electron emission 
remained unutilized for lack of stability. Later, 
secondary-emission cathodes were fabricated 
from alloys capable of a sustained performance, 
and vacuum tubes using secondary electron 
emission became a reality. 

Electron emission due to bombardment by 
heavy particles. This form of emission has much 
in common with secondary electron emission. In 
most cases, electrons are knocked out of an 
emitter bombarded by ions. The extent of 
emission is stated in terms of the emission yield 6, 
defined as the ratio between the number of 
ejected electrons, n,, and the number of incident 
ions, n;: 

(11-6) 


The value of total yield depends on the material 
bombarded by ions, the mass and energy of 
incident ions, the condition of the bombarded 
surface, the presence (or otherwise) of an ac- 
tivating coat, the angle of incidence, and some 
other factors. As a rule, the yield is less than 
unity for metals, but it may be greater than unity 
for semiconductors and thin dielectric layers. 
The yield first rises with increasing energy of 
incident ions, then falls off similarly to the 


6 =n, /n; 
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secondary emission ratio. The least energy of 
incident ions required for electrons to be ejected 
from the emitter is tens of electron-volts. A 
higher yield is obtained in the presence of an 
activating coat. For most ejected electrons the 
energy is not more than | to 3 eV, although 
some of them may have energies as high as tens 
of electron-volts. 

Electron ejection due to ion bombardment is 
the principal form of emission in glow-discharge 
gas tubes, such as gas-filled stabilizing diodes, 
neon tubes, and some other devices (see Chap. 
17). 

There is a further form of electron emission 
known as photoemission. It is examined in detail 
in Chap. 22. 


11-5 The Parameters of Thermionic 
Cathodes 


Thermionic cathodes are to meet a number of 
requirements. For one thing, a thermionic cath- 
ode must be durable and sustain emission at the 
least possible value of power dissipated by the 
filament (or heater). For another, the emission 
must be consistent (stable). The cathode surface 
ought not to be destroyed by ion bombardment. 
(Even in a high vacuum there is a number of 
positive ions which move towards the cathode 
with an acceleration. The higher the anode 
voltage, the stronger the impact of these ions on 
the cathode.) 

If a cathode is to be used properly, it is 
important to know its filament (or heater) 
voltage V, and its filament (or heater) current J;. 

The performance of a cathode can be stated in 
terms of its efficiency, H, or the value of emission 
current per watt of filament (heater) power: 


H=1,/P; (11-7) 


Most state-of-the-art cathodes, when operated 
continuously, have an efficiency of units to 
hundreds of milliamperes per watt. 

The parameters of a cathode also include its 
operating temperature T and the service life t. The 
operating temperature ranges from 700° to 
2300°C, depending on the type of cathode. The 
service life is the span of time at the end of which 
the electron yield is reduced by 10%. Thus, 
a cathode is still capable of normal operation at 
the end of this time interval, but at a reduced 
level of emission. The service life of cathodes 
ranges from hundreds to tens of thousands of 
hours. 
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The parameters H, ¢ and T are interrelated. 
An increase in T leads to a higher H, but to 
a shorter ¢. Cathodes can operate under various 
service conditions. For greater emission, it may 
be advantageous in some cases to raise the 
filament voltage, but this will inevitably cut 
down the service life. If a longer service life is 
essential, a reduced filament voltage may be 
used. This, however, entails an impairment in 
efficiency. 


11-6 Cathodes 


Cathodes may be fabricated from pure me- 
tals, the prevalent material being tungsten and 
only sometimes tantalum. Pure-metal, or simple, 
cathodes, are of the directly heated or filamentary 
type. 

Tungsten is a refractory (that is, high-mel- 
ting-point) metal which melts at 3300°C. The 
operating temperature of tungsten cathodes is in 
the range 2100-2300°C which corresponds to 
heat colours from light-yellow to white. The 
limit to the service life of tungsten cathodes is set 
by a fall in emission caused in turn by the 
reduction in the cathode thickness as some of 
the tungsten is sputtered. 

The primary advantage of tungsten cathodes 
is their highly consistent emission. The electron 
yield will not fall off even after a short-duration 
overheating. The stability of tungsten cathodes 
towards ion bombardment makes them espe- 
cially suited for use in heavy-duty tubes ope- 
rating at high anode voltages. Tungsten cath- 
odes are also used in electrometer tubes where 
a consistent emission is especially important. 
Also, in tubes using tungsten cathodes, the 
evaporated tungsten particles lodge on the 
inside of the tube envelope and form a layer that 
absorbs gases and improves the vacuum. 

A major limitation of tungsten cathodes lies in 
their low efficiency. Because of the high tem- 
perature at which they have to be operated, they 
radiate a good deal of light and heat, thus 
wasting a sizeable proportion of input power. 

In many types of cathodes, known as coated 
cathodes, the surface of a pure-metal emitter is 
given a coat of an activator so as to sustain 
a high level of emission at relatively low tem- 
peratures. 

The primary advantage of such cathodes is 
their economy of operation. Their efficiency 
may be as high as tens or even hundreds of 
milliamperes per watt. The operating tempe- 
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rature of some such cathodes is 700°C. The 
service life is thousands or even tens of thou- 
sands of hours. Towards the end of this time 
interval, the electron yield falls off due to a 
reduction in the amount of activating impurities 
(say, due to their evaporation). Some cathodes 
in this class show an extremely high level of 
emission in pulse working (during time intervals 
as short as several microseconds) separated by 
longer idle intervals. 

The key limitation of coated cathodes is the 
low stability of emission. Even a temporary 
overheating (filament overvoltage) may cause 
a drop in electron yield because elevated tem- 

‘ peratures cause some of the activator material 
to evaporate. Also, coated cathodes are de- 
stroyed by ion bombardment, so it is vital to 
maintain a very high vacuum in the envelope. 
This goal is achieved through the use of suitable 
getters, alkali metals introduced into a vacuum 
tube during manufacture. 

Coated cathodes include atomic-film emitters 
and oxide-coated emitters. Among the former is 
the carburized thoriated-tungsten cathode. It is 
a tungsten filament given a coat of thorium and 
containing an amount of carbon which reacts 
with the tungsten to form tungsten carbide (this 
is why the cathode is said to be carburized). The 
thorium film forms a monatomic layer which 
evaporates at a lower rate than pure tungsten. 
Carburized thoriated-tungsten cathodes can 
operate at 1600-1700°C and have H= 
= 50-70 mA W™?. The active layer of such 
cathodes effectively stands up to ion bombard- 
ment, so they may be used at an anode voltage of 
up to 15 kV. 

An oxide-coated, or simply oxide, cathode 
uses nickel or tungsten as the base metal to 
which a mixture of barium, calcium and stron- 
tium oxides is applied as a thin layer. The 
operating temperature of oxide cathodes is 
700-900°C (which corresponds to a dark-red or 
red heat colour). The efficiency is 50-100 mA 
W~'. The service life is up to tens of thousands 
of hours. 

In an oxide cathode, electrons are mainly 
emitted by the barium. Overheating speeds up 
the evaporation of barium and causes a re- 
duction in electron yield. The limit to the service 
life of oxide cathodes is set by the fact that the 
oxide coating is gradually depleted of barium 
atoms. For proper operation, an oxide cathode 
must be held in a high (hard) vacuum because 
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the oxide coating may readily be destroyed by 
ion bombardment. To avoid excessive ion bom- 
bardment, the anode voltage ought not to be 
very high in continuous working. 

The oxide coating has an appreciable re- 
sistance and so it is additionally heated by 
anode current. Electron emission from an oxide 
cathode can be enhanced by an external ac- 
celerating field which extends into the depth of 
the oxide coating (the Schottky effect). However, 
it is important to guard against an excessive rise 
in cathode current. At an excessively heavy 
cathode current, overheated areas appearing as 
luminous spots are produced on the cathode 
surface. In these areas, the oxide is evaporated at 
an elevated rate, which may sometimes be 
accompanied by cathode sparking - the ejection 
of incandescent slivers of the cathode material. 
Most often, sparking occurs at a very high 
cathode current or at an excessive anode vol- 
tage, especially right after the filament voltage 
has been turned on but the cathode has not yet 
had time to come up to its operating tem- 
perature so that there is no emission and there is 
no space charge to limit the strong effect of the 
accelerating field on the oxide coating. 

Overheated areas may be produced on an 
oxide cathode not only by an excessive filament 
voltage, but also when the filament voltage is 
too low. When this happens, a directly heated 
(filamentary) cathode may burn as the metal 
near a hot spot melts. This can be explained by 
the properties of oxide cathodes: 

(1) As with all semiconductors, the resistance 
of the oxide coating falls off with rising tem- 
perature. 

(2) Owing to the high resistance of the oxide 
coating, the heat input due to cathode current 
is comparable with that due to filament cur- 
rent. 

(3) The thickness, resistance and emissivity of 
the oxide coating are all different at different 
places on the cathode. The total cathode current 
is distributed so that more of it is flowing 
through the areas having a lower resistance and 
a higher emissivity. In consequence, these areas 
are heated more, their resistance is further 
reduced, electron yield builds up, and the cur- 
rent rises again. These events occur when the 
filament voltage is too low and the cathode 
current is too high. Then the heat input due to 
the filament current is reduced, and a greater 
contribution comes from the cathode current. 
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Ion bombardment of the cathode also serves to 
produce hot spots. 

It is not always that hot spots will appear at 
too low a filament voltage. Still, this danger does 
exist, and care must therefore be taken to avoid 
it in tubes with oxide cathodes, especially at 
a heavy cathode current. 

When the filament voltage is maintained at its 
normal value and there is no overload by 
cathode current, oxide cathodes can last for a 
very long time. They are widely used in re- 
ceiving, amplifying and transmitting tubes of 
low and medium power ratings, in CRTs, in 
tubes for pulse working, and many other 
electron devices. 

In pulse working, that is, when the cathode is 
required to emit short pulses of current (several 
microseconds long) spaced apart by sizeable 
intervals, its emission may be many times the 
figure in continuous working. Now it is brought 
about by a strong external electric field so that it 
is a combination of field emission and ther- 
mionic emission. The electric field promotes the 
escape of a large number of electrons from the 
oxide layer. With time, however, this emission is 
reduced (Fig. 11-9). An extremely strong emis- 
sion is said (not very accurately) to poison the 
oxide cathode.* Poisoning disappears if the 
cathode is allowed to recover or ‘rest’ for 
a sufficiently long time. Its emission will then be 
restored, and the cathode will be able to give 
a high electron yield for a short time. The point 
is that a sufficient number of electrons available 
for emission must be accumulated in the oxide 
layer. The duration of emission current pulses 
does not usually exceed 10 ps, and the spacing 
between the pulses when the cathode is re- 
covering lasts hundreds of microseconds. 

The efficiency of oxide cathode in pulse 
working may be as high as 10*mA W"?. 
Cathode current pulses may be units or even 
tens of amperes in magnitude. The shorter the 
pulses, the greater the current. With short 
pulses, the cathode is not practically bombarded 
by ions, and so the anode voltage may be as high 
as 10-20 kV. 

There are also thoria cathodes and L-type 
cathodes. Thoria cathodes are used in trans- 
mitting tubes and have a thoria coating applied 
to a tungsten or tantalum base. Or they may be 
fabricated by sintering powdered thoria with the 

* It would be more appropriate to say that the 
cathode is exhausted or fatigued. 
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Oxide-cathode emission as a function of anode- 
current pulse duration 


filament. In continuous working, these cathodes 
have an efficiency of 300 to 2000 mA W7?. 

In the L-type cathode (so called after its 
inventor, H. J. Lemmens), there is a reservoir or 
pellet of barium carbonate-strontium carbonate 
sealed behind a porous plug or pressed nickel 
powder. In fact this is the older form of the 
L-cathode known as the dispenser type. The 
newer design is known as the impregnated type 
in which barium oxide is dispersed throughout 
the pressed nickel powder or sponge. This type 
of cathode has a lower resistance and it tends 
less to sparking and burn-out. 


11-7 Directly and Indirectly Heated 
Cathodes 


A directly heated cathode is a wire or ribbon 
filament for which reason directly heated cath- 
odes are alternatively called filamentary (-type ) 
cathodes. The filament is usually bent in a zigzag 
fashion. 

Among the advantages of directly heated 
cathodes are simple design and suitability for 
very low-power tubes with a filament current of 
10 mA or even less. Directly heated cathodes are 
also used in high-power transmitting tubes and 
in tubes for low-power portable and mobile 
radio sets which draw their power from dry cells 
or storage batteries. 

A thin-filament cathode rises to incandes- 
cence in less than | s after turn-on, which is an 
obvious convenience. A disadvantage of directly 
heated cathode is that parasitic pulsations are 
produced in the anode current when the fi- 
lament is energized with an alternating current. 
If, for example, the heating current has a fre- 
quency of 50 Hz, the anode current will pulsate 
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at 50, 100, 150 Hz, etc. These pulsations corrupt 
and mask valid signals. In aural reception, they 
are heard as a low-pitched droning noise known 
as a.c. hum. There are two causes for these 
pulsations. 

Firstly, thin cathodes experience temperature 
pulsations because their mass and heat capacity 
are very small. When the current reaches its 
peak value, the temperature is at a maximum; 
when the current crosses zero, the temperature is 
at a minimum (Fig. 11-10). The frequency at 
which the temperature of the cathode pulsates is 
twice the frequency of heating current. The 
emission and anode current pulsate at the same 
double frequency. This phenomenon is almost 
negligible in tubes with more substantial cath- 
odes. 

Secondly, the surface of the cathode is not 
equipotential. Its surface potential varies from 
one point on the surface to another, and the 
anode voltage corresponding to these points is 
likewise different. Therefore, when a directly 
heated cathode is energized with an alternating 
current, the anode voltage pulsates at the fre- 
quency of the heating current, and so does the 
anode current. 

Another disadvantage of tubes with fine di- 
rectly heated cathodes is microphonics, that is, 
the mechanical translation of vibration or shock 
into an electrical signal by a vacuum tube. The 
point is that external shocks cause the cathode 
to vibrate so that the interelectrode spacings are 
changed. In turn, this leads to variations in the 
anode current. In aural reception, these va- 
riations are perceived as an electric signal. 
Microphonics is also responsible for acoustic 
feedback (also known as acoustic regeneration). 
In this case, sound waves from a speaker cause 
the tube to vibrate so that the anode current 
experiences variations which, upon amplifica- 
tion, reach the speaker. The resultant sound 
waves again act on the tube, and the process is 
repeated all over again, giving rise to undamped 
sound oscillations which bury or mask valid 
signals. In high-power tubes using substantial 
cathodes, microphonics is negligible. 

An indirectly heated cathode consists of a 
nickel tube which is coated with an emitting 
oxide coat and encloses a coiled tungsten heater 
as shown in Fig. 11-lla (which is the reason 
why such cathodes are alternatively called the 
heater type). The heater is insulated from the 
cathode proper by an aluminium oxide coating. 


Fig. 11-10 


Pulsations in the temperature of a directly heated 
cathode operating on alternating current 
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Fig. 11-11 
Indirectly heated cathodes 


Long heaters are usually shaped in a zigzag 
pattern or coiled into a helix. In some tubes, the 
indirectly heated cathode is a short cylinder with 
its top covered by an oxide (Fig. 11-115). The 
cylinder encloses a heater insulated by alu- 
minium oxide. 

A major advantage of indirectly heated cath- 
odes is freedom from pulsations in the anode 
current when they are heated with an alter- 
nating current. Temperature variations are 
practically nonexistent because the cathodes 
have a larger mass and, in consequence, a 
greater heat capacity than directly heated cath- 
odes. It takes an indirectly heated cathode a few 
seconds to come up to full heat from the instant 
when the heating current is turned on and to 
cool completely from the instant when the 
heating current is turned off. At a supply 
frequency of 50 Hz, a quarter of a cycle lasts just 
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0.005 s—a time interval too short for the cath- 
ode temperature to change appreciably, so the 
emission current does not pulsate. 

Indirectly heated cathodes have an equipo- 
tential surface. There is no voltage drop along 
the cathode due to the heating current. The 
anode voltage is the same at any point on the 
cathode surface. It does not pulsate when the 
filament voltage varies. 

Another advantage of indirectly heated cath- 
odes is the negligible effect of microphonics. The 
cathode mass is rather substantial, and it can 
hardly be made to vibrate. 

As compared with filamentary cathodes, in- 
directly heated cathodes are more intricate in 
construction and they are difficult to design for 
very small currents. Therefore they are less 
suited for low-power energy-saving tubes in- 
tended for operation of dry cells or storage 
batteries. 

When used in communications equipment 
(such as transceivers) which operates intermit- 
tently and must be ready for use right after 
turn-on, tubes with indirectly heated cathodes 
have to be kept with their heater voltage ‘on’ all 
the time (this is known as hot stand-by). This is 
wasteful of power and cuts down the tubes’ 
service life. It,is inconvenient to use tubes with 
indirectly heated cathodes in battery-powered 
portable low-power transceivers. To save the 
power supplies in such cases, one has to turn off 
the heater voltage of the receiver when the 
transmitter is operating and to turn off the 
heater voltage of the transmitter when the 
receiver is operating. In either case, one has to 
wait for 10 to 20 s before the cathodes come up 
to their operating temperature, and this in- 
troduces a delay in communication. 

The hot aluminium-oxide insulation between 
the cathode and the heater cannot stand up to 
elevated voltages. The limit of voltage between 
cathode and heater is usually set at 100 V, and 
only for some tubes the limit is 200-300 V. In 
some circuits, the cathode and the heater have to 
be maintained at different potentials. If the 
difference should exceed some critical value, the 
insulation between the cathode and _ heater 
might break down and the tube might fail. No 
risk of breakdown exists when the cathode is 
connected to one of the heater’s terminals (see 
Fig. 12-85). 
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11-8 Anode and Grid Types for Vacuum 
Tubes 


The anode (plate) of a vacuum tube collects 
the stream of electrons emitted by the cathode. 
The electrons carry a substantial amount of 
kinetic energy which they give up on striking the 
anode. This bombardment raises the tempe- 
rature of the anode. In addition, the temperature 
of the anode is raised owing to the heat radiated 
by the cathode itself. In a steady state, the 
amount of heat the anode receives must be equa! 
to the amount of heat withdrawn from it. 

It is important that the anode should not be 
raised above its temperature limit. Overheating 
may cause the anode to give up gases, and this 
will impair the vacuum inside the envelope. An 
incandescent anode emits thermal radiation 
which may overheat the cathode. Excessive 
overheating may even melt the anode. 

To avoid overheating, measures are usually 
taken to cool it. In low-power tubes and most of 
the medium-power tubes, the anode is cooled by 
radiation (radiation cooling). Heat is abstracted 
by thermal radiation which is emitted by the 
anode and absorbed by the envelope in part or 
completely, depending on the envelope material, 
and raises its temperature. In turn, the envelope 
gives up its heat to the surroundings. 

The amount of heat radiated by an anode can 
be increased by increasing its surface area or by 
treating it in a suitable manner (for example, by 
making it black or matted). Frequently, the 
anode is fitted with fins to increase its cooling 
surface area (Fig. 11-12). Medium- and high- 
power tubes often use forced air cooling. To this 
end, the anode connection is fitted with a 
suitable radiator blown over with air by a fan. 

Anodes using radiation cooling should be 
fabricated from materials which are heat-re- 
sistant and are good thermal emitters. Impor- 
tantly, an anode ought not to liberate any 


Fig. 11-12 
Finned anodes for better cooling 
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dissolved, entrapped or occluded gases. Most 
often, anodes are made of nickel, nickel-plated 
or aluminized steel, and molybdenum. High- 
power tubes use anodes made of tantalum or 
graphite. 

High-power tubes may alternatively use for- 
ced water cooling (Fig. 11-13). A forced-wa- 
ter-cooled anode is a copper or chromium-steel 
cylinder sealed to a glass envelope. The elec- 
trode leads are passed through the glass. The 
anode is enclosed in a jacket through which 
distilled water is circulated. Ordinary tap water 
is unsuitable for cooling purposes because it 
forms scale on the anode surface, thus impairing 
heat abstraction. Cooling water is supplied by a 
pump and circulated in a closed system. Heated 
by the anode, the water is then cooled and 
returned to the anode so as to absorb more heat, 
and so on. The temperature of forced-water- 
cooled anodes does not exceed 100-120°C. Wa- 
ter-cooling systems are fitted with automatic 
controls that regulate the flow rate of cooling 
water and will turn off the anode supply voltage, 
should the flow of water be interrupted for one 
reason or another. 

Some tubes employ what is known as eva- 
porative cooling. A typical evaporative-cooling 
system consists of a tube with a specially 
designed anode immersed in a boiler containing 
distilled water. When power is dissipated at the 
anode, the water boils and the steam is con- 
ducted upwards through an insulating pipe to 
a condenser. The condensate is then gravity-fed 
back to the boiler, thus eliminating the pump 
required in a circulating water system. 

When the anode of a tube is a cylinder coaxial 
with its cathode, its grid (or grids) is usually 


RRO 


157 


Fig. 11-13 
Water-cooled anode of a high-power tube 


wound of fine wire on a heavier frame. This type 
of grid is shown in Fig. 11-14a. Sometimes, 
a grid is a fine-wire woven mesh such as shown 
in Fig. 11-145. The grid for a triode using plane 
electrodes is shown in Fig. 11-14c. 

Grids are usually fabricated from nickel, 
molybdenum, or their alloys. More seldom they 
are made of tantalum or, when the grid wires 
have to be very fine, of tungsten. The per- 
formance of a tube would be impaired if the grid 
were allowed to grow hot due to radiation from 
the incandescent cathode because it would then 
emit thermionic electrons of its own. To avoid 
this, grid wires are given a coat of a metal which 
has a greater electronic work function, such as 
gold. 

It is usual to place the grid of a tube closer to 
its cathode for better control of the electron 
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Fig. 11-14 
Triode grid designs 
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stream. This is done for example in tubes using a 
grid wound of tungsten wire 8-10 um ona frame 
(Fig. 11-14d). 

For better cooling, low-power tubes use 
blackened grid wires, and high-power tubes 
have their grid supports welded to radiators. 


11-9 Vacuum in Vacuum Tubes. 
Tube Envelopes 


A vacuum has to be maintained in a tube 
above all because the incandescent cathode 
would burn out in the presence of air. Also, the 
gas molecules would prevent the free travel of 
electrons. In high-vacuum (or hard) tubes, the 
pressure is less than 100 Pa. When the vacuum 
is not hard enough, moving electrons collide 
with gas molecules and turn them into positive 
ions which bombard and damage the cathode. 
Gas ionization also adds to the transit-time 
effects and instability in a tube’s operation and 
produces additional noise.* Thus, a gassy or 
‘soft? tube, unless it is intended to be such, 
cannot do its job properly. 

During tube manufacture, the envelope is first 
evacuated to a rough vacuum of 1.33-0.0133 Pa 
(10~?-10°* mm Hg) by roughing-down vac- 
uum pumps. Following that, the envelope is 
exhausted by high-vacuum diffusion pumps. 
Then the metal parts inside the tube are de- 
gassed by heating them with r.f. power or, for 
metal tubes, with a flame. Thus heated, the metal 
parts give up their occluded or absorbed gas 
which is then evacuated by a pump. 

The vacuum in a tube is further improved by 
placing inside it the getter—a material that has 
a strong chemical affinity for any residual gases, 
such as a piece of magnesium or barium or their 
alloy with aluminium. The getter structure is 
first degassed with r. f. power or, in certain cases, 
by a flame or by direct electric heating. Then, 
just before the exhaust tubing is to be sealed off, 
the getter is ‘flashed’ by heating it to a tem- 
perature at which a chemical reaction takes 
place; a free getter metal is produced and 
deposited on part of the tube envelope as 
a mirror-like metallic film which is silvery white 
in the case of magnesium or brownish-black in 
the case of barium. After the exhaust tubing has 
been sealed off, this film acts as a chemical pump 


* Tonization serves a useful purpose in gas-filled 
tubes. 
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that will adsorb or react with any gases evolved 
during the life of the tube, thus maintaining 
a high vacuum. 

Tube envelopes can be made of glass, metal, 
ceramic materials, or their combinations. The 
size of an envelope depends on the power rating 
of the tube for which it is intended. Thermal 
radiation emitted by the electrodes pass in the 
part through the envelope, while the remainder 
is absorbed by the envelope. To avoid a heat 
build-up on the envelope, measures are taken to 
enlarge its surface area. Glass envelopes are 
most common, but ceramic envelopes are more 
heat-resistant and robust mechanically. 

Metal (steel) envelopes are very strong and 
effectively shield the electrodes against extra- 
neous electric and magnetic fields. Unfortu- 
nately, they become very hot, and this leads to 
electrode overheating. Tubes enclosed in metal 
envelopes have a greater number of metal- 
to-glass seals which are likely to pass air. Of late, 
the manufacture of metal envelopes has been 
discontinued, but such tubes may be en- 
countered in the older makes of radio and 
electronic equipment. 


11-10 Electrode Mounting 
and Electrode Leads 


In the older makes of tubes, the electrode 
system, technically known as the cage assembly, 
is welded to a glass stem which is the shape of 
a tube flattened at one end (Fig. 11-15a). Sealed 
into this flattened end are stem leads made of 
metal which expands to the same extent on 
heating as glass, such as alloys of nickel, cobalt 
and iron (known as Covar and Fernico). The 
stem leads are welded to the electrodes them- 
selves or to thin metal connectors called tabs. 
The opposite ends of the stem leads are welded 
to the wires that run to the base pins. The stem 
also passes a glass exhaust tube through which 
air is pumped out of the envelope. Sometimes, 
an envelope will be pumped out through an 
exhaust tube at the top of the envelope. 

The parts of a tube are usually held in precise 
alignment by means of spacers punched from 
thin sheets of mica or ceramic material which 
are placed at the top and bottom of the tube 
structure (Fig. 11-154). 

In bantam and some other tubes, the cage 
assembly is mounted on a small glass button 
which is the base of the envelope. There are leads 
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Fig. 11-15 
Mounting of electrodes and leads in glass tubes 


sealed into the glass button (Fig. 11-15c). Out- 
side the tube, they do the job of tube pins, and 
inside the tube they support the electrodes 
(Fig. 11-16a). The cathode is of the directly 
heated type and is usually stretched taut by 
a spring (Fig. 11-15d), so that it will not sag 
when it expands on heating. 

In metal tubes, the lower part of the envelope 
is welded to a steel bottom which passes an 
exhaust tube and has holes into which Fernico 
bushings are welded. Into the bushings are 
sealed drops of glass enclosing the leads and 
tabs (Fig. 11-16a). Use is also made of a solid 
glass bottom passing a glass exhaust tube. The 
tabs and leads are then sealed into a glass 
bottom (Fig. 11-160). 

Tubes also have some other parts for auxi- 
liary purposes. They include tabs and shelves for 
the getter structure, electrostatic shields to pre- 
vent capacitive currents between the various 
parts of a tube or to keep extraneous electric 
fields out of the envelope, etc. 

Special care is exercised when the parts of 
a tube are put together and mounted. Still, there 
is a good deal of spread in electric properties 
among the individual tubes of the same type. 
This comes from the differences in parts, their 
straining in assembly, inaccuracies in mounting, 
differences in emission from the cathodes of 
different tubes, and some other causes. 

The leads are carried to the pins in a pattern 
usually shown on what are called base (or pin) 
connection diagrams. As an example, let us see 
how the leads are connected to the pins in 
receiving and amplifying tubes. Glass and metal 
tubes have a standard octal base, that is, one 


with eight pins positioned at the corners of 
a regular octagon (Fig. 11-17a). At the centre of 
the octagon is what is known as the key or the 
alignment pin. A projecting rib on the key 
assures that the tube is correctly inserted into its 
socket. As a rule, the base pins are numbered 
clockwise, starting from the rib on the alignment 
pin. The metal envelope or the electrostatic 
shield (if there is any inside the tube) is con- 
nected to one of the base pins. The pin con- 
nection pattern is different for different tubes, so 
it is important to refer to a tube’s pin connection 
diagram before inserting it into the socket. Some 
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Fig. 11-16 
Mounting of electrode leads in metal tubes 
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Pin assignment in tubes 
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of the standard eight pins may be omitted in an 
actual tube if they are not connected to any 
electrodes. 

In kenotrons intended to rectify alternating 
currents at several hundred volts, all electrodes 
have connections to the base. In kenotrons for 
voltages of several thousand volts, the anode 
and cathode leads and pins may not be placed 
close to each other; in them, the anode terminal 
is located at the top of the envelope (the anode 
cap). 

In bantam tubes, there may be seven or nine 
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pointed leads sealed into a glass stem and 
located at the corners of a regular octagon or 
decagon, respectively (Fig. 11-175). 

Very small tubes usually have no base and 
their leads are sealed into a small glass button. 
There is a colour mark or arrow at the edge of 
the stem to indicate the pin from which the other 
pins should be counted. 

In high-power tubes the electrode leads are 
often located at different points on the envelope 
and at some distance from one another because 
a substantial voltage may exist between them. 


Chapter Twelve 
Diodes 


12-1 Physical Processes 


To begin with, we will discuss a diode having 
plane electrodes. The anode voltage sets up an 
electric field between anode and cathode. This 
field remains uniform so long as the cathode is 
not emitting electrons. In normal operation, the 
cathode emits a great number of electrons which 
produce a negative space charge in the cath- 
ode-to-anode space, which impedes the travel of 
electrons towards the anode. The space charge 
has a maximum density near the cathode. 
Sometimes it is said that an electron cloud is 
formed at the cathode (Fig. 12-1). The space 
charge forming between anode and cathode 
makes the field nonuniform. 

The field may be either accelerating or re- 
tarding with regard to the emitted electrons. 
Accordingly, the diode can operate in any one of 
two basic modes. If the field is an accelerating 
one all along the distance from cathode to 
anode, all the electrons that the cathode is 
capable of emitting will be accelerated towards 
and reach the anode. None of the electrons will 
fall back to the cathode in these conditions, and 
the anode current will be maximal and equal to 
the emission current. The diode is then said to 
have reached saturation, or, more often, the 
temperature-limited condition, and the corres- 
ponding anode current is called the saturation 
anode current I,: 


I, =I, (12-1) 


The principal mode of operation for vacuum 
tubes, however, is the space-charge-limited re- 
gion. In this region, the field near the cathode is a 
retarding one for the emitted electrons. As 
a result, electrons starting at a low initial 
velocity are not able to overcome the retarding 
field and fall back to the cathode. The remaining 
electrons of a high initial velocity do not lose all 
of their energy in the retarding field and move on 
to the anode. 

In this region, the anode current is smaller 
than the emission current 


(12-2) 


The events taking place in a diode can be 
visualized by reference to potential diagrams 
showing the potential distribution in the an- 
ode-cathode space (Fig. 12-2). On these diag- 
rams, the distance from the cathode is laid off as 
abscissa and the potential as ordinate. By con- 
vention, positive potentials are laid off down- 
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Fig. 12-1 
Electron space charge in a diode 
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wards. The cathode is assumed to be at zero 
potential. 

When the cathode is cold, there is no space 
charge, and the field is a uniform one. The 
potential from cathode to anode rises in pro- 
portion to the distance from a given point to the 
cathode (straight line /). If the cathode is raised 
to incandescence, there forms a negative space 
charge, and the potentials are brought down at 
all points except the cathode and anode because 
the anode voltage is set by an external source. 
The potential distribution curve flexes upwards 
(curve 2). So long as the space charge is small, the 
potentials at all points remain positive (curve 
2 runs below the horizontal axis), and an 
accelerating field exists. The potential distri- 
bution represented by curve 2 corresponds to 
the saturation region. As the cathode is heated 
progressively more, the space charge also grows, 
and the potentials at all points are brought 
down still more. The potential distribution 
curve also flexes upwards more, and the ne- 
gative potential near the cathode may exceed in 
absolute value the positive potential of the 
accelerating field set up by the anode. The 
resultant potential then is negative, which is 
clearly shown by curve 3 running above the 
horizontal axis near the cathode. 

At some distance x, from the cathode the 
potential decreases to its minimal value, @,;,- 
As a rule, @,,;, 18 a few tenths of a volt. Over the 
distance from the cathode to x, the electric field 
is a retarding one for the emitted electrons, 
producing a potential barrier at the cathode. Of 
all emitted electrons, only those having an initial 
velocity sufficient for them to overcome the 
barrier reach the anode. Electrons with a lower 
‘initial velocity lose their energy before they 
reach the crest of the potential hill and fall back 
on the cathode. Curve 3 showing the presence of 
a potential barrier corresponds to the space- 
charge-limited region or condition. The further 
increase in heat input to the cathode leads to 
a situation represented by curve 4: the potential 
barrier grows higher and moves away from the 
cathode. 

The events we have described can be il- 
lustrated by the following mechanical analogy. 
Let Fig. 12-2 show a land profile and the balls 
rolling down from point K model the electrons 
emitted by the cathode. The balls move all at 
different velocities. When the ground is down- 
sloping right at point K (curves / and 2), all balls 
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Fig. 12-2 
Potential diagrams of a diode with the anode voltage 
held constant at several values of filament voltage 


Fig. 12-3 


Potential diagrams of a diode for a constant filament 
voltage and at several values of anode voltage 


roll down as far as point A. When, however, the 
lay of the ground is such as shown by curve 3, 
there will be a hill on the way of the balls, and 
only those of them that have a sufficient initial 
velocity will roll over the hump, and those 
having a lower velocity will roll back towards 
point K. This mechanical analogy explains why 
we have chosen the downward direction for 
positive potentials. 

Figure 12-3 shows potential diagrams for 
several values of anode voltage at a constant 
filament voltage. At some definite voltage, the 
tube moves into the saturation region (curve /); 
at a lower voltage it is in the space-char- 
ge-limited region (curve 2). At a still lower 
voltage (curve) the potential barrier grows high- 
er. At V, = 0, the situation is represented by 
curve 4. For V, to be equal to zero, the anode 
must be short-circuited to the cathode. Then 
electrons will form a space charge in the cath- 
ode-anode space and the potential barrier will 
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grow still higher. Electrons starting at a high 
initial velocity will be able to overcome this 
barrier and reach the anode. Such electrons are 
few in number, and the initial anode current, I, 
existing at V, = 0 is very small. 

Curve 5 represents the situation when the 
anode circuit is open, that is, the anode is not 
connected to anything. Just as the anode circuit 
is opened, the anode is at zero potential as 
shown by curve 4. In the circumstances, only 
electrons having high velocity can reach the 
anode and charge it negatively. The right-hand 
end of the diagram is shifted upwards (curve 5), 
the potential barrier grows higher, and progres- 
sively fewer electrons are able to reach the 
anode. When the barrier becomes so high that 
no one electron can reach it, the negative 
potential at the anode ceases to rise. 

Now we can sum up how the anode current 
changes in response to changes in the anode 
voltage in the space-charge-limited region. The 
decisive factor is the change in the height of the 
potential barrier near the cathode. When the 
anode voltage is raised, the barrier is lowered, 
more electrons are thus able to climb over it, and 
anode current increases. When the anode vol- 
tage is reduced, the potential barrier grows 
higher, fewer electrons are able to climb over it, 
more electrons fall back on the cathode, and this 
means a decrease in the anode current. 

The distribution of the space charge in the 

anode-cathode space can be established from 
the condition that the anode current density is 
the same at any section of the electron stream (in 
the case of plane electrodes) and equal to the 
product of the space-charge density p by the 
velocity u: 
J, = pu = const (12-3) 
The equation is quite obvious. The current 
density increases with increasing number of 
electrons moving in the unit volume and with 
increasing electron velocity. 

It follows from Eq. (12-3) that 
p=J,/u (12-4) 


At the anode where electrons have a maxi- 
mum velocity, the space charge has a minimal 
density, while the space charge density is a 
maximum near the cathode where electrons 
have the lowest velocity. 

What we have learned for a diode with plane 
electrodes fully holds for diodes with any shape 
of electrodes. 


12-2 The Three-Halves Power Law 


In a diode operating in the space-charge-lim- 
ited region the anode current and the anode 
voltage are connected by a nonlinear relation- 
ship which has come to be known as the three- 
halves power (or Child-Langmuir) law 


i, = kv3/? (12-5) 


where k is known as the perveance of the tube—a 
constant determined by the geometry of the 
element structure within the diode tube. 

Thus, the anode current increases as the 
three-halves power of the anode voltage and 
does not obey Ohm’s law. If, for example, we 
double the anode voltage, the anode current will 
increase approximately 2.8 times because 


23/2 = (23)? = 2.8 


That is, it will be by 40% greater than it should 
have been in accord with Ohm’s law. Graph- 
ically, the three-halves power law is depicted by 
asemi-cubic parabola (Fig. 12-4). Ofcourse, the 
three-halves power law does not apply to the 
saturation (or temperature-limited) region at 
voltages in excess of V, when i, = I, is constant. 
Sometimes, curve OAB in Fig. 12-4 is called the 
characteristic of the ideal diode. 

For a diode with infinite parallel-plane elec- 
trodes, 


k = 2.33 x 107° (0,/d%,) (12-6) 


where Q, is the effective area of the anode and 
d,,, is the perpendicular distance between anode 
and cathode. 

The actual relation between anode current 
and anode voltage markedly differs from the 
three-halves power law. Still, the Child-Lang- 
muir law is convenient to use for analysis 
because it accounts for the nonlinear behaviour 
of the tube in a very simple form. 


Fig. 12-4 


Anode characteristic of an ideal diode or the plot of 
the three-halves power law 
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12-3 The Current-Voltage Characteristic 
of a Vacuum Diode 

The performance of a vacuum diode can best 
be depicted by its current-voltage characteristic 
which relates its anode current to its anode 
voltage, with the filament (or heater) voltage 
held constant. The current-voltage characte- 
ristic of an actual diode, plotted by experiment 
(Fig. 12-5), differs from the curve of an ideal 
diode, which represents the three-halves law and 
is shown by the dashed curve in the same figure. 
The difference between the two curves stems 
from the fact that several assumptions are made 
in deriving the Child-Langmuir law. Among 
other things, the initial current J, is arbitrarily 
assumed to be nonexistent and the charac- 
teristic is shown starting at the origin (point O). 

As the filament voltage is raised, point A shifts to 
the left because the emitted electrons acquire 
a higher initial velocity. The region BC of the curve 
may approximately be regarded as linear. The 
portion CD shows a gradual transition from the 
space-charge-limited region to the tempera- 
ture-limited region. At saturation (the DE regi- 
on), a rise in anode voltage entails a rise in anode 
current. This is due to the Schottky effect and the 
additional heating of the cathode by anode current. 

In the case of a carburized thoria-coated 
cathode, the Schottky effect is only slightly felt, 
and the additional heating by anode current is 
negligible because tungsten has a low resistance 
and the anode current is small in comparison 
with the heating current. The characteristic of a 
diode using such a cathode runs nearly ho- 
rizontal in the temperature-limited region 
(Fig. 12-6, curve /). Oxide-coated cathodes dis- 
play a strong Schottky effect, and the additional 
heating of the cathode by anode current is 
noticeable because the oxide coating presents a 
high resistance and the anode current is com- 
parable in magnitude with the heating current. 
Also, an oxide-coated cathode usually has scat- 
tered hot spots because the oxide coating is 
anything but uniform. Under the tempera- 
ture-limited conditions, the anode current of a 
diode using an oxide-coated cathode grows so 
much (curve 2) that the transition from the 
space-charge-limited region to the tempera- 
ture-limited region cannot usually be discerned 
from the characteristic (the temperature-limited 
region becomes noticeable only when an ox- 
ide-coated cathode is operated at less than its 
normal heating voltage). 


163 


Fig. 12-5 
Anode characteristic of an actual diode 


Fig. 12-6 


Characteristics of diodes using a carburized tho- 
ria-coated cathode and an oxide cathode 


12-4 The Parameters of the Vacuum Diode 


The parameters of a diode are the quantities 
that characterize its properties and applica- 
bility. Some of them have already been intro- 
duced. They are the filament (or heater) voltage 
V,, the filament (or heater) current J;, and the 
emission current I,. Now we will define the 
other parameters. 

Slope or a.c. anode conductance, g,. This 
quantity, known in US usage as the dynamic 
plate conductance, Ip» shows how the anode 
current of a diode changes in response to 
a change of 1 V in the anode voltage. If the 
incremental change in anode voltage, Av,, 
brings about an incremental change in anode 
current equal to Ai,, the a. c. anode conductance 
of the diode will be 


9, = Ai,/Av, (12-7) 


The a.c. anode conductance is expressed in 
milliamperes per volt or in amperes per volt; 
that is, it has the dimensions of conductance. 
The term “a.c.” or “dynamic” is included be- 
cause this quantity relates alternating current 
and voltage. For example, if the a.c. anode 
conductance is 5mA V7}, this means that 
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a change of | V in anode voltage brings about 
a change of 5 mA in anode current. 

The term “slope” is used because graphically 
the a.c. anode conductance is the slope of the 
tangent to the characteristic at a specified point. 
It is relevant to note that in mathematics the 
term “slope” defines the ratio of the change in 
the ordinate to the corresponding change in the 
abscissa of a point moving along a line. In each 
particular case, this line may represent some 
specific behaviour or characteristic and the ratio 
may result in some specific dimensions, so the 
slope is usually referred to by some specific 
name. 

The a. c. anode conductance of a diode can be 
found from its current-voltage characteristic 
(Fig. 12-7) by taking an incremental change in 
anode voltage, Av,, and the corresponding in- 
cremental change in anode current, Ai,, within 
some specified region. This procedure is known 
as construction by the two-point method. By 
definition, the a. c. anode conductance of a diode 
is the slope of the tangent that makes an angle 
a with the curve within the chosen region 


(12-8) 


Here k is a coefficient which has the dimensions 
of conductance and takes care of the scale on 
which the values of current and voltage are laid 
off. 

It would be wrong to write 


J, = Sag =k tana 


g, = tana 
because the tangent does not have the dimen- 
sions of conductance. 

If we recall that the region AB is nonlinear, 
the slope S,, (or the a.c. anode conductance g, 
for that region) has a value which is averaged 
over the region AB. It is approximately equal to 
the slope (or a.c. anode conductance) at point 
Q lying midway between points A and B 


Sup ¥ So 


It is not convenient to determine the slope or 
a.c. anode conductance by the two-point 
method because we have then to draw a tangent, 
to measure the angle that it makes with the 
curve, and to account for the scales used in 
laying off anode voltage and anode current. 

On moving into the lower portion of the 
characteristic (the space-charge-limited region), 
the a.c. anode conductance falls off, tending to 
zero. To avoid confusion, it is customary to 
specify the point or region of the curve for which 
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Fig. 12-7 


Determining the transconductance of a diode by the 
two-point method 


the quantity is found. For example, one may 
specify that g, = 1.5 mA V~! at v, = 2 volts. 

State-of-the-art diodes have an a.c. anode 
conductance of 1 to 50 mA V~?. In low-power 
diodes, it does not exceed several milliamperes 
per volt. In pulse working, the a.c. anode 
conductance may be as high as several hundred 
milliamperes per volt. 

The value of g, depends on the tube design. 
For a diode with parallel-plane electrodes, it 
follows from the Child-Langmuir law that 


Ja = 3.5 x 107° (Q,/dax) va’? (12-9) 

Slope or a.c. anode resistance, r,. This 
quantity, known in US usage as the dynamic 
plate resistance, los is the a.c. resistance of the 


anode-cathode space. It is the reciprocal of the 
a.c. anode conductance of a diode 


r, = Av, /Ai, = 1/9, (12-10) 


and is usually as high as hundreds or, some- 
times, tens of ohms. 

Tubes of higher power ratings have a lower 
a.c. anode resistance. On moving into the lower 
region of the V-I characteristic, r, increases, 
tending to infinity at the origin of the cha- 
racteristic. 

The a.c. anode resistance of a diode can be 
found from its V-I characteristic in much the 
same way as its a.c. anode conductance. This 
can best be done by the two-point method which 
gives the average value of r, for a specified 
region of the characteristic. If the specified 
region is only slightly nonlinear, the value of r, 
thus found may be taken as its value for the 
point midway between the extreme points of the 
region. 

The a.c. anode resistance r, ought not to be 
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confused with the d.c. resistance of a diode, 
defined as 


Ry = Vq/ig (12-11) 


and called the static anode resistance. As a rule, 
Ry is somewhat greater than r,. From the 
three-halves law it follows that 
3 

Ro = 3/8 
In practice, however, the relation may be dif- 
ferent. For example, at v, = 0 and in the pre- 
sence of some initial anode current, Ry = 0, 
while r, at that point will be non-zero. Within 
the linear region of the diode characteristic, r, 
differs only slightly from Ro. The value of r, 
decreases with decreasing distance between the 
anode and cathode and with increasing effective 
anode area. An idealized dependence ofr, on the 
electrode geometry may likewise be deduced 
from the three-halves power law. The resultant 
expression will then be the inverse of Eq. (12-9). 


12-5 Dynamic Operation of a Vacuum 
Diode, Rectification of Alternating Current 


The dynamic operation of a vacuum diode 
can be analysed grapho-analytically in much the 
same manner as that of a semiconductor diode 
(see Chap. 3). With £, and R, specified or 
chosen in advance, we construct the load line, 
and its intersection with the diode characteristic 
will define the anode current and the anode 
voltage. The voltage drop across a vacuum 
diode may not be usually neglected because it 
may be as high as tens or even hundreds of volts, 
depending on the diode design. 

Everything we have learned about rectifi- 
cation and simple rectifiers using semiconductor 
diodes may be applied to rectification and 
rectifiers using vacuum diodes. A distinction of 
the latter is the absence of a reverse current. 
Also, vacuum diodes used as rectifiers at power 
(commercial) frequency are able to operate at 
a reverse voltage of several hundred or even 
several thousand volts. Therefore, there is no 
need to connect several rectifying diodes in 
series in order to set up a rectifier capable of 
withstanding an extremely high reverse voltage. 

An undesirable condition for rectifying diodes 
is a short-circuited load because all of the source 
voltage would then be applied to the diode, and 
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its anode current would exceed its absolute 
maximum rating. If this condition is allowed to 
happen, the cathode will be overheated and 
damaged or even destroyed completely. The 
anode will also be overheated. The overheated 
electrodes give up dissolved or occluded gases, 
the vacuum in the tube is impaired, the gas is 
ionized, and the positive ions bombard the 
cathode, thus aggravating the heat build-up and 
damage still more. 

In rectifying currents at very high frequencies, 
there is a detrimental effect from the ano- 
de-cathode capacitance, C,,, of the diode. It 
consists of the capacitance between the two 
electrodes and the capacitance between their 
leads. In low-power diodes, C,, is several pi- 
cofarads. At low frequencies, this capacitance 
does not produce any shunting effect because its 
reactance is millions of ohms. At frequencies of 
tens of megahertz and higher, the capacitive 
reactance becomes comparable with, or even 
less than, the diode resistance. As a result, 
alternating current is able to pass through this 
capacitance, and the rectifying action of the 
diode is impaired. For example, if r, = 500 Q 
and C,, = 4 pF, then at a frequency of 200 Hz 
the capacitive reactance of the diode will be 
Xc = 1/mC,, = 1017/(2m x 200 x 4) 

~ 200 x 10° Q= 200 MQ 
Practically no current can flow through this 
reactance. On the contrary, at f = 200 MHz, the 
capacitive reactance x; is 200 Q and will shunt 
the diode heavily. 

The value of C,, can be reduced by reducing 
the size of the anode and cathode and by spacing 
their leads farther apart. To avoid the likely 
increase in r,, the anode-to-cathode spacing is 
made shorter. Such diodes can handle low 
values of power. 

When using a diode, it is important not to 
exceed its absolute maximum ratings. 

Maximum anode dissipation. If the anode 
intercepts a number N of electrons per second 
and each electron has an energy mu?/2, the 
power imparted by the electron stream and 
dissipated as heat will be 


P, = Nmu?/2 (12-12) 
Electrons receive their power from the ac- 


celerating field. On neglecting their initial ener- 
gy, we may write 


mu?/2 ~ ev, 
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Then, 

P, = Nev, (12-13) 
The product Ne is the quantity of electricity 
incident on the anode per second, that is, the 
anode current i,. Therefore, we finally have 


(12-14) 


The power P, is the lost power, that is, the 
power dissipated as heat, and it is technically 
termed as the anode dissipation of a diode. It is 
not an absolute maximum rating of a diode 
because it may take on widely varying values 
depending on the anode voltage. For example, 
atv, = 0, P, = 0. The anode may also be heated 
by the thermal radiation emitted by the cathode, 
but P, takes into account only the power due to 
electron bombardment. The greater the value of 
P,, the greater the heating of the anode. The 
anode may be raised to a red heat or even 
melted. 

The value of P, max depends on the dimen- 
sions, structure and material of the anode and 
the manner in which it is cooled. It may range 
from a fraction of a watt for low-power diodes to 
many kilowatts for high-power tubes. If the 
anode is not to be overheated, it is essential to 
satisfy the following condition 


Pf, 


a a max 


iE, _ 140, 


(12-15) 


In pulse working, the instantaneous anode 
dissipation may exceed P, ,,,,, but the average 
power ought not to exceed P, 


max* 


Absolute maximum anode current in pulse 
working. As a rule, diodes deliver their anode 
current in the form of pulses. For diodes using 
oxide-coated cathodes, the limit is set by the 
destruction of the oxide coating. Each type of 
diode has an absolute maximum anode current 
in pulse working of its own, designated as J, max: 
Its value is very high for diodes specifically 
designed for use in pulse circuitry, and it in- 
creases with decreasing pulse duration and 
increasing pulse spacing. 

Absolute maximum rectified current. The 
pulsating current delivered by a rectifying diode 
has a direct component, I called the rectified 
current. 

The absolute maximum rectified current, 
I, ay max» 1S aN important rating of diodes. In 
tubes using an oxide-coated cathode, the emis- 
sion may be very strong, and for them J, ay max 
is limited to the value at which the anode current 


a av? 
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can overheat the oxide coating. In a properly 
designed diode, this limit corresponds to the 
absolute maximum anode loading (P, = 
P., max): For diodes used in ordinary rectifiers, it 
is usual that I, a) max iS approximately equal to 
one-third of J, jax. 1n operation involving short 
pulses separated by long intervals, I, .) max iS 
a small fraction of I, max: 

Absolute maximum reverse voltage. When 
a diode is operating as a rectifier, a negative 
anode voltage, called the reverse voltage, is 
applied to the diode for some time (a fraction of 
acycle). The absolute maximum reverse voltage, 
V, max» 18 a very important parameter. The 
actual reverse voltage must always be lower 
than the absolute maximum reverse voltage 
rating 


Ve< Vas (12-16) 
Should V, exceed V, ,,,,, it is very likely that the 


leakage currents will increase abruptly, the 
insulation may break down, field emission from 
the anode may take place, and the diode may 
fail. 

For low-power rectifying diodes, V, .4, = 
= 500 to 1800 V. High-voltage kenotrons have 
a V, max Of tens of kilovolts. In them, the anode 
cap is located at the top of the envelope, that is, 
as far away from the cathode lead as possible. 
For low-power diodes, V, ,,,, 18 not over 500 V. 

At the maker’s, diodes are usually tested by 
causing several devices from each lot to break 
down when a suitable test voltage is applied. 
The figure which is one-half to one-third of this 
test voltage is then taken as V, ,,,,,- In this way, if 
a diode is operated so that its V, remains lower 
than or equal to V, ,,,,, an ample reserve of 


electric strength will be assured, and the tubes 
will operate reliably. 


12-6 Diode Types 


Low-power diodes usually have indirectly 
heated cathodes. In diodes intended for ope- 
ration at high and very high frequencies, mea- 
sures are taken to make C,, as small as 
practicable. Rectifying diodes may have both 
directly heated and indirectly heated cathodes. 
Wide use is made of dual diodes (two diode units 
in the same envelope). 

A diode using a directly heated cathode is the 
simplest of all (Fig. 12-8a). This class includes 
some HV kenotrons and most high-power ke- 
notrons. Indirectly heated cathodes have one of 
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(a) | (b) | (c) (d) (e) ¢ 


Fig. 12-8 
Graphical (circuit) symbols of various diodes 


their terminals tied together with one of the 
heater terminals (Fig. 12-85). Some diodes have 
a separate cathode lead (Fig. 12-8c). 

Dual diodes having directly heated cathodes 
are depicted in a simplified way in Fig. 12-8d. 
Actually they have each two cathodes connected 
in parallel or in series. 

The most commonly used dual diodes with 
separate cathodes have separate cathode leads 


(Fig. 12-8e). These diodes are often used in two 
different sections of the same circuit or device. In 
such cases, it is customary to show a half of 
a dual diode in the respective section of the 
circuit (Fig. 12-8f). When a dual diode is to be 
used as a detector, it is fitted with a metal shield 
to avoid stray capacitive coupling between the 
two halves. The shield has a lead of its own. 
Simplified circuit symbols often omit the shield. 


Chapter Thirteen 
Vacuum Triodes 


13-1 Physical Processes 


The cathode and anode (or plate) of a triode 
operate in the same manner as they do in 
a diode. In the space-charge-limited region, 
a potential barrier is formed near the cathode. 
The height of this barrier has a direct bearing on 
the magnitude of cathode current. The control 
action of the grid in a triode is similar to that of 
the anode in a diode. A change in the grid 
voltage brings about a change in the barrier 
height. This leads to a related change in the 
number of electrons capable of overcoming the 
barrier, that is, in the magnitude of cathode 
current. If the grid voltage is made more po- 
sitive, the potential barrier is reduced, a greater 
number of electrons are now able to clear it, and 
the cathode current rises. When the grid be- 
comes negative, the potential barrier gains in 
height, fewer electrons are able to climb over, 
and the cathode current falls. 

Current control by the grid in a triode is 
similar to current control in a bipolar transistor. 
Ina transistor, a change in the voltage across the 
emitter junction brings about a change in the 
height of the respective potential barrier. As a 


result, the emitter current is changed. However, 
the grid not only controls the cathode current, 
but also substantially affects the behaviour of 
the anode. For the electric field set up by the 
anode the grid acts as an electrostatic shield, 
that is, as an obstacle (provided the grid is 
connected to the cathode). The greater pro- 
portion of the flux due to the anode is in- 
tercepted by the grid, and only a negligible part 
of the flux penetrates the grid and reaches the 
potential barrier near the cathode. In this way, 
the grid shadows the cathode from the anode 
and minimizes the effect that the anode might 
have had on the potential barrier at the cathode. 
The grid is said to intercept the greater pro- 
portion of the electric flux produced by the 
anode. 

The shadowing effect of the grid is visualized 
in the diagram of Fig. 13-la which shows the 
electric field pattern for a triode with paral- 
lel-plane electrodes and with the grid short-cir- 
cuited to the cathode, that is, when = 0. For 
simplicity, the space charge is neglected. As is 
seen, the grid intercepts the greater proportion 
of the flux emerging from the positive anode. In 
other words, the grid weakens the effect of the 
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Fig. 13-1 
Electric field in a triode: (a) at zero grid voltage and (b) with an isolated grid 


anode on the cathode in a triode. If, however, the 
grid is not connected to the cathode and isolated 
from the other electrodes, it will not be able to 
weaken the field at the cathode. Then 
(Fig. 13-15) two equal unlike image charges are 
produced at the grid due to electrostatic in- 
duction, and the field at the cathode has the 
same intensity as it would without a grid. 

Most of the flux fails to reach the surface of 
the cathode, but terminates at the electrons that 
form the space charge cloud near the cathode. 
For simplicity, here and elsewhere we will speak 
of the penetration of the flux towards the 
cathode, meaning that actually the flux acts 
upon the electrons of the space charge. The 
denser the grid (that is, the shorter the pitch of 
grid wires), or the greater the wire diameter (that 
is, the smaller the spacing between the grid 
wires), the smaller the fraction of the anode flux 
that is able to penetrate the grid. The shadowing 
effect of the grid is a maximum at some optimal 
location of the grid between the anode and 
cathode. 

To sum up, the grid weakens the effect of the 
anode more as its pitch is reduced. In diodes, 
normal values of anode current are obtained at 
anode voltages of several volts or 20 to 30 volts. 
In the presence of a grid and at v, = 0, similar 
magnitudes of anode current are obtained at 
anode voltages of tens or even hundreds of volts. 

The grid affects the anode current far more 
strongly than does the anode. If we apply 
a voltage to the grid, the electric field set up by 
the grid will be free to reach the cathode because 
there is no obstacle for the field between the grid 
and the cathode. The grid holds a ‘dominant’ 
position. It exerts a strong action on electrons 


while that of the anode is reduced to a small 
fraction because only a small proportion of the 
total anode flux is able to penetrate the grid. It 
would be wrong to assert that the grid produces 
a stronger action than the anode for the reason 
that it is located closer to the cathode. If we place 
the grid near the anode so that it is only slightly 
closer to the cathode than the anode, it will 
weaken the anode flux reaching the cathode 
many times all the same. Thus, the proximity of 
the grid to the anode is not the principal factor 
that controls the anode current. 

How many times more effective the grid is 
than the anode in controlling the anode current 
is stated in terms of what is known as the 
amplification factor of a triode, symbolized as u. 
If p = 10, this means that the grid controls the 
anode current ten times stronger than the 
anode. The smaller the grid pitch, the greater the 
value of p. With a grid of a given pitch, the 
amplification factor p is a maximum at some 
optimal location of the grid between anode and 
cathode. The p of state-of-the-art triodes is from 
several units to several tens. 

Some authors use what is called the pe- 
netration factor which is symbolized as D (from 
the German ‘Durchgriff for penetration). For 
triodes, it is the reciprocal of the amplification 
factor 


D=\1/y (13-1) 


Obviously, D is less than unity. The pe- 
netration factor shows what fraction of the 
grid’s action is equivalent to the anode’s action 
on the cathode current. If, for example, p = 10, 
then D = 0.1. This means that the anode’s action 
is 0.1 of the grid’s action. 
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The term ‘penetration factor’ (Durchgriff) was 
first introduced by Heinrich Barkhausen of 
Germany who made a valuable contribution to 
the theory of vacuum tubes. It stresses the 
shadowing effect of the grid. It may be said that 
it characterizes the grid’s transparency for the 
electric field set up by the anode. The wider the 
pitch of the grid wires, the easier it is for the flux 
lines to pass from the anode through the grid to 
the cathode, and the greater the value of D, but 
the amplification factor decreases in pro- 
portion. It would be wrong to treat D as 
characterizing the grid’s transparency for the 
electron stream. Of course, a denser grid pre- 
sents a greater obstacle to the electron stream, 
but this does not mean that D shows what 
fraction of the stream passes through the grid. 

Of special interest is what happens in a 
vacuum triode when the grid is negative because 
receiving-amplifying tubes are usually operated 
in this condition. The negative grid produces in 
the grid-cathode space a retarding field which 
opposes the accelerating field that extends from 
the anode. As a result, the potential barrier at 
the cathode grows higher, and the cathode 
current is decreased, At some negative grid 
voltage, the current falls to zero, and the tube is 
said to be driven to cutoff. Accordingly, the 
respective negative grid voltage is termed the 
cutoff bias voltage, Vy oo. At this voltage, the field 
set up by the grid in the grid-cathode space 
raises the potential barrier so much that all 
electrons emitted by the cathode fall back. If, 
however, at v, < 0, the tube is not driven to 
cutoff, then this means that electrons having 
a high initial velocity do overcome the potential 
barrier and travel towards the anode. 

The grid cutoff bias voltage is small in com- 
parison with the anode voltage because the grid 
produces a stronger controlling action than 
does the anode. For example, in a triode with 
wt = 20, the cutoff bias voltage will be — 5 V at 
v, = 100 V. At p = 20, an anode voltage of 
100 V is equivalent in its action to a grid voltage 
of 5 V. Therefore, the effect of the anode can 
fully be cancelled by applying v, .. = — 5 V to 
the grid. 

To sum up, a relatively small negative voltage 
applied to the grid is able to cut down or even 
completely stop the flow of anode current. 

A positive voltage applied to the grid will set 
up an accelerating field which is added to the 
field extending from the anode. The resultant 
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field brings down the potential barrier, more 
electrons are now able to climb over it, and the 
cathode current rises. Some of the electrons will 
however be inevitably attracted by the positive 
grid, and a current will be flowing in the grid 
circuit. This grid current is undesirable and even 
harmful in many cases. If the positive voltage at 
the grid is a small fraction of the anode voltage, 
the grid current will be negligibly small in many 
cases. The denser the grid and the more positive 
it is, the higher the grid current. 

Since the grid acts far more strongly than does 
the anode, even a relatively small positive 
voltage applied to the grid can bring about 
a substantial rise in the anode current. As an 
example, let a triode have p= 20, v, =0. 
v, = 100 V, and an anode current of 10 mA. 
Then for the anode current to double (to rise to 
20 mA), while the grid voltage is held constant, 
the anode voltage should likewise be doubled, 
that is, raised to 200 V. However, at 1 = 20, an 
anode voltage of 100 V is equivalent in terms of 
the controlling action to a grid voltage of 5 V. 
Therefore, we may achieve our goal by applying 
+5 V to the grid rather than double the anode 
voltage —the anode current will then rise to the 
desired 20 mA. 

To sum up, making the grid more positive 
leads to a rise in both the anode and grid 
currents. 

When the grid is made very positive, the grid 
current may rise so much that the anode current 
will sometimes fall. 

By varying the grid voltage from its cutoff 
negative value, we can control the anode current 
between broad limits—from zero to some maxi- 
mum value. Such is the control action of the 
grid. Importantly, substantial changes in anode 
current can be brought about by relatively small 
changes in grid voltage. If we wished to achieve 
a comparable change in anode current, the 
changes in anode voltage would have to be 
. times greater. In other words, small changes in 
grid voltage are equivalent to 1 times changes in 
anode voltage. This basic property of vacuum 
triodes makes them ideally suited for ampli- 
fication. 

The performance of vacuum triodes is mar- 
kedly affected by what is known as the island 
effect. It consists in that because the grid struc- 
ture is nonuniform, the field set up by the grid is 
likewise nonuniform. Therefore, the height of 
the potential barrier varies from one point to 
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another at the cathode. When the grid voltage 
falls to a certain minimum value, the emission 
from the cathode is restricted to a few small 
areas, or islands, of the cathode. This effect gains 
in strength as the tube approaches cutoff. The 
effect is also stronger with a grid made of wires 
spaced wider apart and located closer to the 
cathode. 


13-2 Current Division 


When the grid is positive, the division of the 
cathode current takes place in a vacuum triode 
between the grid and the anode. If the anode 
voltage exceeds the grid voltage, some electrons 
will be intercepted by the grid, and the re- 
mainder will pass through the grid to the anode. 
The triode is said to be operating in the intercept 
(or current division) mode. In this mode, the grid 
current is a small fraction of the anode current. 
If, on the other hand, the grid voltage is about 
equal to, or greater than, the anode voltage, 
many of the electrons passing through the grid 
will be retarded in the grid-anode space, their 
paths will be strongly curved, their axial com- 
ponent of velocity will reduce to zero, and the 
electrons will go back to the grid. The tube is 
said to be operating in the fall-back mode. 
Obviously, the fall-back is always accompanied 
by the intercept mode. 

Figure 13-2 shows most typical paths tra- 
velled by electrons in the fall-back mode. 
Electrons /, 2 and 3 are intercepted by the grid. 
In fact, electron 3 has its path bent by the grid so 
that it cannot pass through the grid, and so it 
impinges on the grid. Electrons 5 and 6 pass 
through the grid and reach the anode while 
electron 4 falls back to the grid. In going back to 
the grid, electron 7 moves past the grid wires, 
enters the grid-cathode space, is retarded there, 
moves again towards the grid to finally fall on it. 

At v, =0 and v, > 0, a second potential 
barrier is formed between the grid and anode. It 
is labelled as IJ in the figure (barrier J exists near 
the cathode). In the circumstances, nearly all the 
electrons passing through the grid go back 
because they are not able to climb over the 
second potential barrier. This is the reason why 
at v, = 0 the grid current has a maximum value. 
Only very few electrons are able to climb over 
the second potential barrier and reach the 
anode, thus producing the initial anode current. 

If we apply a positive voltage to the anode 


Electron Tubes 


Fig. 13-2 
Travel path of electrons in the fall-back mode 


now, the second potential barrier will be re- 
duced in height, more electrons will be able to 
climb over it, and the anode current will rise. 
The electron space charge in the second po- 
tential barrier and the anode make up a system 
similar to a diode. The effect of the anode field 
on this electron space charge is not weakened 
any longer, and the anode current abruptly rises 
even at small positive anode voltages while the 
grid current abruptly falls because fewer elec- 
trons go back to the grid. A sudden change takes 
place in the division of the cathode current 
between the grid and anode~—a situation typical 
of operation in the fall-back mode. 

At some positive anode voltage, the second 
potential barrier is reduced in height so much 
that none of the electrons go back to the grid. 
The tube has moved into the intercept mode. 
The further rise in anode voltage brings about 
a rise in anode current because the anode field 
lowers the potential barrier at the cathode and 
also because there is a change in current divi- 
sion. Now, however, the anode current builds up 
at a slower rate because the effect of the anode 
field on the potential barrier at the cathode is 
weakened by the grid. The grid current decrea- 
ses likewise only slightly because the number of 
electrons moving from the cathode directly to 
the grid wires only slightly depends on the 
anode voltage. 

The ratio v,/v, at which a transition from the 
intercept and fall-back modes takes place is 
different for different tubes and depends on the 
electrode structure. 

Current division is stated in terms of the 
current division ratio defined as 


kag = tg/ig = ig/(ig + ig) (13-2) 


which can never be greater than unity and which 
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shows what fraction of the cathode current is the 
anode current. 

The current division ratio is a function of the 
ratio v,/v, and the grid design. For example, 
a denser grid will have a lower ky because 
a denser grid will intercept more electrons. The 
manner in which k, varies with v,/v, is shown in 
the plot of Fig. 13-3. Atv, = 0,v,/v, = 0,and kg 
has a minimal value close to zero because there 
is only a small anode current flowing due to the 
initial velocity of electrons. As v,/v, is increased, 
k, rapidly increases at first, which corresponds 
to the fall-back mode (region J). As the tube 
moves into the intercept mode (region IJ), it 
grows at a lower rate, tending to unity. 


13-3 The Virtual Voltage and 
the Three-Halves Power Law 


The cathode current of a vacuum triode can 
be calculated on replacing the tube with an 
equivalent diode. The procedure is as follows. If, 
in a triode, we place what is known as a virtual 
anode instead of the grid, the anode current in 
such a diode will, at some anode voltage, be 
equal to the cathode current of the original 
triode (Fig. 13-4). This is the equivalent, virtual 
or composite anode voltage, v defined as 


Va eq = Ug + Dv, = 0, + Y,/H (13-3) 


a eq 

The above equation may be interpreted as 
follows. The field set up by the grid is acting at 
full strength, and the field set up by the anode in 
the grid-cathode space is attenuated by the 
shadowing effect of the grid. This shadowing 
effect is expressed in terms of D, the penetration 
factor, which is the reciprocal of the ampli- 
fication factor p. Therefore, v, may not be added 
directly to v,; at first v, must be multiplied by 
D or divided by wp. Equation (13-3) is an 
approximate one because it does not take into 
account the isiand effect. If the grid wires are 
spaced not very far apart, the error will be small. 
For practical purpose, Eq. (13-3) is accurate 
enough. 

In the equivalent diode, the anode current is 
equal to the cathode current of the original 
triode, and the actual anode voltage is replaced 
by the equivalent anode voltage. Therefore, the 
three-halves power law for a vacuum triode may 
be re-written thus: 


i, = kug!2q =k (v, + Dv,)*? 


a eq? 


(13-4) 


Fig. 13-3 
Current division ratio as a function of v,/v, 
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Fig. 13-4 
Reducing a triode to an equivalent diode 


Recalling that in an equivalent diode the 
virtual anode takes the place of the grid in an 
actual triode, we obtain for a triode with 
parallel-plane electrodes 


k = 2.33 x 107°Q, /d2 (13-5) 


The surface area of the virtual anode in an 
equivalent diode is equal to the surface area of 
the actual anode. In an implicit form, Eq. (13-4) 
also includes the anode-cathode spacing and the 
dimensions defining the grid density because 
these quantities control the penetration factor. 

The three-halves power law for triodes is 
a very approximate one. Still, it is useful when 
the performance of a triode is examined theore- 
tically. For practical purposes, resort is made to 
characteristics measured by experiment and 
published in reference sources. 

Invoking the three-halves power law, we can 
find the grid cutoff bias voltage, v, .,, at a given 
anode voltage, v,. If the tube is at cutoff, then 
i, = 0. It follows from the three-halves power 
law that this can happen only if 


Va eq = Ug co + Dv, = 0 (13-6) 
On solving Eq. (13-6) for v, .4, we get 
Ve co = — Dv, OF Uy oo = — Va /H (13-7) 
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The actual cutoff bias voltage is somewhat 
higher than the value given by Eq. (13-7). This is 
explained mainly by the fact that the island effect 
causes D to rise somewhat on approaching 
cutoff. 


13-4 Characteristics of the Vacuum Triode 


A characteristic is a relationship between two 
quantities which characterize the behaviour 
of a device, circuit, or equipment. They are 
usually plotted in the form of families of graphs 
(characteristic curves) relating the currents ob- 
tained to the voltages applied for a range of 
operating conditions. 

The electrode characteristic shows the re- 
lationship between current and voltage at an 
electrode of the device, say, anode current 
against anode voltage in a tube. The transfer 
characteristic shows the relationship between 
the current (or voltage) at one electrode and the 
voltage (or current) at some other electrode, say 
anode current and grid voltage. The static 
characteristic shows, for example, anode current 
against grid voltage, with all other applied 
voltages held constant and with no load con- 
nected, that is, under static conditions. The 
dynamic characteristic relates the current from 
one electrode.and the voltage at another under 
dynamic conditions. 

The characteristics of a triode may be plotted 
on the basis of the three-halves power law — they 
will then be theoretical, or idealized, charac- 
teristics. Since they are plotted under a number 
of simplifying assumptions, they are not ac- 
curate. Actual characteristics are measured by 
experiment. They are more accurate because 
they take into account the island effect, va- 
riations in temperature at various points on the 
cathode, the nonequipotential surface of directly 
heated cathodes, the Schottky effect, the initial 
velocity of electrons, the additional heating of 
the cathode by the anode current, the contact 
potential difference, the thermo-emf generated 
on heating the junction of two dissimilar metals, 
and other phenomena none of which are reflec- 
ted in the three-halves power law. 

The characteristics given in reference sources 
(data sheets or handbooks) are the average 
ones—that is, deduced from those measured for 
a number of tubes of the same type. Therefore, 
their use leads to further errors. 

We will begin our study of characteristics by 
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considering the static characteristics of the 
vacuum triode. 

The anode current of a triode is a function of 
grid and anode voltages 


i, =f (Ug, Vg) (13-8) 


The same is true of the grid and cathode currents 
of a vacuum triode 
iy =f; (v,; v4) 

and 

ix =f, (v,; v,) 

Any relationship between three quantities can 
only be shown graphically in a three-dimen- 
sional (or spatial) coordinate system, which is an 
obvious inconvenience. Common practice is 
to plot two-dimensional graphs, one of the 
voltages being held constant and considering 
the current as a function of only the other 
voltage. 

It is widely practiced to relate the anode, grid 
or cathode current of a triode to its grid voltage, 
with the anode voltage, v,, held constant 


(13-9) 


i, = F(v,) 
i, = F, (v,) (13-10) 
iL, =F, (v,) 


The first two relationships are most important. 
The curves depicting the relationship between 
anode current and grid voltage, i, = F (v,), are 
called the static anode current/grid voltage cha- 
racteristics of a triode. They are similar to the 
static transfer characteristics of a transistor. The 
curves depicting the relationship between the 
grid current and the grid voltage of a vacuum 
triode, i, = F, (vg), are called the static grid 
characteristics. In the case of transistors, they 
are called the static input characteristics. There is 
a separate curve for each value of anode voltage, 
so for each value of current there is a family of 
characteristics. They are plotted for anode vol- 
tages spaced a certain interval apart. 

Alternatively, we may plot a curve relating the 
anode, grid or cathode current to the anode 
voltage of a vacuum triode, with its grid voltage, 
Ug, held constant 


i, =f (v4) 
i, =f; (V,) (13-11) 
ik =f, (v,) 


Here, the most important characteristics are the 
anode characteristics similar to the output cha- 
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Fig. 13-5 
Anode, grid and cathode current characteristics of 
a triode 


racteristics of transistors and relating the anode 
current to the anode voltage of a vacuum triode, 
i, =f(v,), and the grid-anode (or inverse trans- 
fer) characteristics relating the grid current to 
the anode voltage of a vacuum triode, i, = 
=f; (v4). 

As a rule, tube data sheets and reference 
books only give families of characteristics for 
anode and grid currents. Characteristics for 
cathode current can readily be derived by simply 
adding the ordinates of the first two charac- 
teristics. 

Where the anode current of a vacuum triode 
is to be calculated for practical purposes, it will 
suffice to have only a family of either anode-grid 
or anode characteristics. The former visualize 
more readily the control action of the grid, so 
some authors call them the control characte- 
ristics of a tube. Calculations based on anode 
characteristics are simpler to do and they yield 
more accurate results. 

Figure 13-5a shows characteristics relating 
the anode, grid and cathode currents of a triode 
to its grid voltage with its anode voltage held 
constant. They obviously hold for the operation 
of the tube (with, say, a tungsten cathode) in the 
temperature-limited or saturation region. At 
v, < 0, the characteristics for anode and cath- 
ode current run together. Owing to the island 
effect and other factors, the start of a curve 
(point A) usually represents a lower cutoff bias 
voltage than that found by Eq. (13-7). 

As we reduce the grid voltage in absolute 
value, the tube is finally driven into conduction 
(it is said to be cut in), the potential barrier at the 
cathode becomes lower in height, and there is 
a rise in the anode current of the tube. The 
number of electrons able to climb over the 
potential barrier at the cathode increases in 
a nonlinear fashion, and so the characteristic 


has a nonlinear tail, AB, which gradually blends 
into the middle, approximately linear portion, 
BC. When the grid is at a positive potential, the 
characteristic for cathode current runs above 
that for anode current because the grid draws 
some current. The characteristic for grid current 
starts at the origin of coordinates, similarly to 
the diode characteristic. 

As the grid is made progressively more po- 
sitive, all currents rise at first. The upper portion 
of the characteristic for anode current, CD, 
corresponds to a gradual transition into the 
temperature-limited region. At saturation, any 
further rise in the grid voltage brings about only 
a slight increase in the cathode current, but the 
grid current builds up, and this causes a fall in 
the anode current. When the grid is at a very 
high positive potential, the anode current be- 
comes smaller than the grid current. 

In tubes using activated (say, oxide-coated) 
cathodes, the cathode current in the tempe- 
rature-limited region (at saturation) builds up 
in about the same manner as it does in the 
space-charge limited region. If now the grid 
current is raised at a slower rate than the 
cathode current, the characteristic for the 
anode current will have an up-sloping portion 
(Fig. 13-55). If, on the other hand, the grid 
current is raised faster than the cathode current, 
the anode current will fall. The denser the grid 
and the smaller the anode voltage, the higher the 
rate at which the grid current rises. 

Only transmitting and switching tubes are 
operated with a very high positive voltage at 
their grids. In receiving-amplifying tubes, the 
grid is usually held negative all the time. Ref- 
erence sources often give the characteristics of 
receiving-amplifying tubes for only a negative 
voltage at the grid. 

The anode-grid characteristic of a tube may 
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take up a position which depends on how dense 
the grid is or, which is the same, on how high its 
amplification factor p is. With a dense grid (a 
high value of 1), the grid cutoff bias voltage of 
the tube is low, and the most of the characteristic 
lies within the region of positive grid voltages. 
Sometimes, such curves are referred to as high- 
cutoff characteristics and the tubes themselves 
as high-mu tubes. With an open grid (that is, one 
with the grid wires spaced wide apart and with 
a low value of 1), the grid cutoff bias voltage is 
high and the characteristic lies in the region of 
negative voltages. Sometimes, such curves are 
referred to as low-cutoff characteristics and the 
tubes themselves as low-mu tubes. Low-mu 
tubes are able to handle a considerable anode 
current and draw no grid current. 

Families of anode-grid and grid characte- 
ristics of a vacuum triode are shown in 
Fig. 13-6. When the anode voltage is raised, the 
anode-current curve is shifted to the left and the 
grid-current curve runs lower. This can be 
explained as follows. The higher the anode 
voltage, the higher (in absolute value) the grid 
cutoff bias voltage, and the higher the anode 
current at a given grid voltage. The grid current, 
however, decreases because the stronger anode 
field prevents many electrons from being at- 
tracted by the grid. Conversely, when the anode 
voltage is reduced, the grid attracts more elec- 
trons, and its current builds up. The grid current 
curve takes up the topmost position at v, = 0. 

Sometimes we may need additional curves 
not included in the family of characteristics 
(they are shown dashed in the figure), for 
example, the curve at an anode voltage of 
(Vay + Va3)/2. A curve lying outside the avail- 
able family is plotted on the assumption that, 
approximately, it is shifted in proportion to the 
anode voltage. As an example, the figure shows 
the curve plotted at V,, such Ey 


ha Vas = Vas —Va2 = Via - 


Let us take a closer look at families of anode 
and grid-anode characteristics (Fig. 13-7). The 
anode characteristic at V,=0 starts at the 
origin of coordinates. At lower values of grid 
voltage, V,, through V,,, the anode characteris- 
tics are shift ed to the right (because a higher 
cut-in voltage is needed) and diverge a little. In 
contrast to idealized curves, the actual charac- 
teristics are not shifted in precise proportion to 
the grid voltage. The anode characteristics plot- 
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Fig. 13-6 


Families of anode-grid and grid characteristics of 
a triode 


Fig. 13-7 


Families of anode and grid-anode characteristics and 
the maximum anode dissipation curve 


ted at positive grid voltages V,¢, V,, and Vy. 
start at the origin of coordinates to the left of the 
curve for V, = 0 and bulge to the left rather than 
to the right. At first, they steeply slope upwards, 
then they level off, and the slope of the curves 
decreases. 

The grid-anode characteristics (shown dash- 
ed in the figure) are given only for positive 
voltages at the grid because a negative grid does 
not draw any current. At v, = 0, the grid current 
is a maximum and its value increases in pro- 
portion to the grid voltage. As the anode voltage 
is raised, the grid current abruptly falls at first (in 
the fall-back mode) because of the current 
division, following which (in the intercept mode) 
it falls off slightly. 

The family of anode characteristics may often 
include a line beneeceaie ane solute maxi- 
mum anode dissipation. Since P, = i,V,, the line 
may be described by \an equation of the form 


i, = Py max/ pears (13-12) 


If we know P, max and have several values of 
anode voltage, we can readily calculate the 
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Fig. 13-8 


Family of the anode characteristics of a triode at negative grid voltages (a) and its pulse 
characteristics at high positive grid voltages (b) 


respective anode current and draw a P, max 
curve which will be a hyperbola. The area above 
this curve is the region where the tube cannot be 
operated at continuous currents such that P, > 
> P, max: Im pulse working, the operation 
within the region above the P, ,,,, Curve is 
permissible, provided the average power dis- 
sipated at the anode does not exceed its absolute 
maximum rating. 

Additional curves may likewise be added to 
a family of anode characteristics. As an example, 
the figure shows a dashed curve for a voltage 
lying midway between V,, and V,4. 

In pulse working, the anode currents may be 
many times their values in CW working. This 
condition is obtained by feeding short high- 
value pulses of voltage to the anode and grid. In 
the case of pulse working, the anode charac- 
teristics are plotted for a specified pulse duration 
t, and a specified pulse repetition frequency f. 
An increase in t, and f leads to a decrease in the 
anode and grid currents due to the ‘poisoning’ of 
the cathode. 

Figure 13-8 shows the characteristics of a 
vacuum triode as plotted for a set of operating 
conditions. The pulse — characteristics 
(Fig. 13-85) have been plotted fort, = 2 ps and 
jf = 1 kHz. The small shaded area in the same 
figure corresponds to the family of curves shown 
in Fig. 13-8a. 


13-5 The Operating Conditions, 
Absolute Maximum Ratings 
and Parameters of the Vacuum Triode 

The operating conditions of the vacuum triode 
include the filament (or heater) voltage V;, the 
filament (or heater) current J,, the normal direct 
anode and grid voltages and the respective 
direct anode current. These voltages are not 
mandatory, and tubes may often operate at 
some other voltages. For example, a lower 
anode voltage may well be used. A higher anode 
voltage may also be used, provided this does not 
lead to an excessive heat dissipation at the 
anode. 

The absolute maximum ratings of tubes are 
very important quantities because they set limits 
of usability of a tube. These are the absolute 
maximum anode dissipation P the absolute 
maximum grid dissipation Py max, the absolute 
maximum anode voltage V, max, the absolute 
maximum heater-to-cathode voltage V,,,, and the 
absolute maximum cathode current I, max. For 
triodes intended}for use in pulse circuitry, data 
sheets specify the absolute maximum pulse anode 
and cathode currents. 

The analysis of vacuum-tube operation calls 
for knowledge of certain dynamic factors called 
tube parameters or constants. These parameters 
tell how two of the three important quanti- 
ties—anode voltage, grid voltage, and anode 
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current—are related while the third is held 
constant. They have specific names and their 
values may be determined from the anode 
characteristics of a tube. 

These parameters are the transconductance 
(also known as the mutual conductance), the 
slope or a.c. anode resistance (the dynamic plate 
resistance in US usage), and the amplification 
factor or the penetration factor. They describe 
the performance of a tube under static con- 
ditions, that is with no load connected to its 
plate circuit. 

The transconductance, g,,,of a vacuum triode 
shows how effective its grid is in controlling the 
anode current. If, with the anode voltage held 
constant, a change in grid voltage, Av,, brings 
about a change of Ai, in anode current, then 


Im = Ai,/Av, with v, held constant (13-13) 


Or, in words, the transconductance ofa triode is 
the ratio of a slight change in anode current to 
the slight change in grid voltage that caused it, 
with the anode voltage held constant while the 
changes take place. The condition v, = const is 
essential so that the transconductance could 
reflect the action of only the grid voltage of the 
tube. The ‘trans’ part of the word ‘transcon- 
ductance’ denotes a transition from one side (the 
input or grid side) to the other (the output or 
anode) side of the tube. The alternative term 
‘mutual conductance’ refers to the fact that this 
quantity is mutual to both the input (grid) and 
the output (anode) circuits of a tube. The 
‘conductance’ part of the term is due to the fact 
that current divided by voltage yields the di- 
mensions of conductance. 

The transconductance of a vacuum triode is 
analogous to the y,, parameter of bipolar 
transistors or the transadmittance of FETs. 

The transconductance of a tube is expressed 
in milliamperes per volt or in amperes per volt. 
It may be said that the transconductance shows 
how much, in milliamperes, the anode current 
changes when the grid voltage is changed by 1 
volt, with the anode voltage held constant. For 
example, if Av, =2V and Ai, = 6 mA, then 
Im =6+2=3mAV"". 

There is a difference in the concept of 
transconductance as applied to a vacuum triode 
and the concept of a.c. anode conductance as 
applied to a vacuum diode. In the case of 
a diode, it is the reciprocal of the dynamic a.c. 
resistance of the cathode-to-plate space. In the 
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Fig. 13-9 
Transconductance as a function of grid-wire pitch 


case of a vacuum triode, this quantity is not the 
reciprocal of the a.c. resistance of the grid- 
cathode space although it has the dimensions of 
conductance. 

State-of-the-art vacuum triodes have a trans- 
conductance of 1 to 50 mA V~'. The greater the 
transconductance, the better the tube because 
its grid exerts a stronger controlling action on 
the anode current. In most cases, the trans- 
conductance is several milliamperes per volt; if it 
is in excess of 10 mA V~}, the tube is said to 
have a high transconductance. 

The value of transconductance depends on 
the electrode geometry and structure and the 
operating conditions of the tube. For a triode 
with parallel-plane electrodes operating at 
v, <0, it follows from the three-halves power 


g 
law that 


Im = 3-5 x 107° (Q,/dgx) (Ug + Dv,)'/? (13-14) 


As is seen, the transconductance increases with 
increasing grid and anode voltages and also 
with increasing surface area of the anode and 
decreasing grid-to-cathode spacing. The latter 
factor exerts an especially strong influence. The 
smaller the value of d,,, the stronger the con- 
trolling action of the grid on the height of the 
potential barrier at the cathode. 

When the grid wires are spaced wider apart (this 
is an ‘open’ grid), D increases and it would seem, in 
accord with Eq. (13-14), that g,, should also 
increase. Actually, an ‘open’ grid has a reduced 
effect on the potential barrier owing to the island 
effect, and g,, is reduced. For each value of dx, 
there is an optimal grid wire pitch at which the 
transconductance is a maximum. This is borne out 
by the plot relating g,, to the number n of grid 
wires per centimetre of its length (Fig. 13-9). 

Now we will find the transconductance of 
a vacuum triode from its characteristics. The 
transconductance is related to the slope of the 
anode-grid characteristic. The greater the slope, 
the greater the transconductance. In turn, the 
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Fig. 13-10 
Finding transconductance from characteristics 


slope of a curve is defined as the slope of 
a straight line drawn tangent to the curve at 
a specified point. The slope of the tangent line is 
the ratio of the altitude to the base of a right 
triangle that has the tangent line for its hy- 
potenuse. The simplest way to find the trans- 
conductance of a tube is by the two-point 
method (Fig. 13-10a). If the region between 
points A and B is nonlinear, the slope of the 
tangent line found for this region, S43 = Gm 4p; 
is the average over that region and equal to the 
slope (transconductance) at the middle point 
Q (the quiescent point). Within the tail of the 
curve the slope (transconductance) decreases 
and falls nearly to zero at the start of the curve. 

The two-point method may also be used in 
order to find the transconductance of a tube 
from its anode characteristics (Fig. 13-105). To 
this end, choose points A and B for V,, and V,,, 
corresponding to the same anode voltage. Di- 
vide the change Ai, that takes place in passing 
from point A to point B by the respective change 
in grid voltage, Av, = V,, — V,.. The slope 
(transconductance) thus found, S4g = Gm, 4g» iS 
the average for region AB and it may be assigned 
to point Q on the middle curve corresponding to 
(V,, + V,2)/2. Thus, in order to find the trans- 
conductance at point Q from the anode cha- 
racteristics of a tube, use the changes in current 
and voltage between points A and B lying on 
adjacent curves. 

The a.c. anode (or dynamic plate) resistance, 
r,, Shows how anode voltage affects anode 
current. This tube constant has the same phy- 
sical meaning as the a.c. anode (or dynamic 
plate) resistance of a vacuum diode—it is the 
resistance of the anode-to-cathode space to 
alternating anode current. When finding r, for 
a vacuum triode, however, it is important to 
hold its grid voltage constant. 


If a change of Av, in anode voltage causes the 
anode current to change by Ai,, the a.c. anode 
resistance will be 


r, = Av,/Ai, with v, held constant = (13-15) 
For example, if Av, = 50 V and Ai, = 2 mA, the 
a.c. anode resistance will be r, =50+2= 
= 25 kQ. 

As is seen, the a. c. anode resistance of a triode 
is the rate of change of anode voltage with 
respect to anode current, with the grid voltage 
held constant. The condition v, = const is es- 
sential for the a.c. anode resistance to reflect the 
influence of only the anode voltage. 

The greater the a.c. anode resistance, the 
weaker the controlling action of the anode on 
anode current. In other words, if we wish to 
obtain the same change in anode current Aj, at 
a higher value of r,, we need to change the anode 
voltage by a greater amount. 

Instead of the a.c. anode resistance, we might 
well use its reciprocal, called the a.c. anode 
conductance, g,: 


9, = 1/r, = Ai,/Av, with v, held constant 
(13-16) 


In terms of physical significance, it is similar to 
the transconductance, g,,, of a triode because it 
shows how much the anode current changes 
when the anode voltage is changed by 1 volt. 
Although g, and r, are equals, preference in 
practical usage is given to r,. 

The g, or l/r, constant is analogous to the y,, 
parameter of bipolar transistors or the 1/rg, 
(1/rg = 9p) of FETs. 

For vacuum triodes, r, ranges between 0.5 
and 100 kQ, the most common figures being 
from several kilohms to 10-30 kilohms. These 
values of r, hold for operation of a triode within 
the linear portions of the characteristics. 
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Fig. 13-11 
Finding anode slope (a.c.) resistance from characteristics 


On the basis of the three-halves power law, we 
may write the following formula for r,: 


dx 
be 
3.5 x 10-° Q,D (v, + Dv,)!? 


It is seen that r, decreases with decreasing d,, 
and increasing Q,. If D increases, say, when the 
grid wires are spaced wider apart, r, decreases 
because the anode is in a position to affect the 
potential barrier and, in consequence, the anode 
current more strongly through such a grid. The 
anode-to-cathode spacing, d,,, does not enter 
Eq. (13-17) ,explicitly, but an increase in d,, 
leads to a reduced action of the anode. As 
a result, r, rises and D falls. A decrease in D leads 
to arise inr,. The grid wire pitch affects r, most 
of all. The shorter the grid wire pitch, the greater 
the value of r,. A decrease in grid and anode 
voltages leads to an increase in r, because the 
potential barrier grows higher. 

To find r, from the anode-grid characteristics 
of a tube, hold the grid voltage constant and 
measure the increase in the anode current, Ai,, 
between points A and B on the curves for V,, 
and V,, (Fig. 13-1la). Divide Av, = V,, — Va. 
by Ai, to obtain r, corresponding to point 
Q within the region AB. 

When found from anode characteristics 
(Fig. 13-115), r, is related to their slope. The 
greater their slope, the smaller the value of r,. 
Thus, the geometric slope of the anode cha- 
racteristics is connected to r,and not to g,,. The 
value of r, is proportional to the cotangent of 
the angle a that the straight line drawn tangent 
to the anode characteristic at the specified point 
Q makes with the anode voltage axis. 

It is convenient to find r, by the two-point 
method (Fig. 13-115). The value of r, thus found 
is the average for the region AB and may be 


(13-17) 


identified with the middle or quiescent point, Q, 
of the region. 

The a.c. anode resistance remains almost 
constant within the linear portions of the cha- 
racteristic. Within the tail of the characteristic, 
r, increases because of a higher potential barrier 
and tends to infinity at the cutoff point. 

The d.c. resistance Ry of a vacuum triode is 
not equal to its a. c. anode resistance, r,, and can 
be found in the usual manner from Ohm’s law: 


Ro = U/ig (13-18) 


The difference between r, and R, is stressed 
by calling the former the dynamic anode re- 
sistance, and the latter the static resistance. The 
difference in magnitude between the two may be 
considerable. Ry does not remain constant even 
within the linear regions of the characteristics. It 
is especially affected by the grid voltage—an 
increase in the grid voltage brings about a rise in 
the anode current, so R, decreases. The d.c. or 
static conductance, Gy, of the anode-cathode 
space depends on the number of electrons 
residing there. As the grid is made more positive, 
an ever greater number of electrons fill the space 
between anode and cathode. Its conductance 
rises but its resistance falls. An increase in the 
absolute value of the negative voltage at the grid 
acts in the reverse direction: the number of 
electrons in the anode-cathode space decreases 
while Ry increases. When the tube is at cutoff, R, 
is equal to infinity. 

The amplification factor 1 and the penetration 
factor D have already been defined, but it is 
important to discuss them in more detail. 

The grid voltage affects the anode current to 
a greater extent than does the anode voltage. 
This fact is reflected by the amplification factor 
pt. The amplification factor tells how many times 
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more effective a change in the grid voltage is 
than the same change in the anode voltage in 
controlling the anode current. For example, if 
the anode voltage needs to be changed by 40 V 
in order to change the anode current by | mA, 
the equivalent change in the grid voltage will be 
a mere 2 V. It is clear that the grid is 20 times 
more effective than the anode, and pt = 20. 

Thus, the amplification factor is the ratio of 
the changes in anode and grid voltages equi- 
valent in terms of their effect on the anode 
current: 


p= Av,/Av, (13-19) 


That is, we take the incremental changes, Av, 
and Av,, that produce the same change in anode 
current, and not just any change. 

Let us establish the connection between u, g,,, 
and r,. The transconductance characterizes the 
effect of grid voltage on anode current, while the 
quantity characterizing the effect of anode vol- 
tage is the a.c. anode conductance g, = 1/r,. In 
order to find how many times the grid voltage is 
more effective than the anode voltage, we must 
take the ratio of g,, to 1/r,; it will yield p: 


ML =QJm/(/rg) OF = Gnl'a (13-20) 


This equation, known as the Barkhausen equa- 
tion, is often used in design work. It follows from 
Eq. (13-20) that if we know any two tube 
constants or parameters, the third will have the 
value that will satisfy the above equation. That 
is, knowing any two tube constants, we can find 
the third. It should be remembered, however, 
that if r, is in ohms, g,, must be expressed in 
amperes per volt. It is convenient to express r,, in 
kilohms and g,, in milliamperes per volt. For 
example, if g,,=4 mA V~! and r, = 10 kQ, 
then p = 4 x 10 = 40. 
Mathematically, the amplification factor of 
a triode is the absolute value of the ratio of 
changes in anode and grid voltages that cancel 
each other, that is, balance out each Other’s | aio 
on the anode current. 
If, for example, an increase ofAv, in the an Ade 
etrit leads to an increase in anode current/ by 
, the latter can be balanced out by reducing it 
ey the same amount Ai,. For this-purpose, it is 
necessary to make the “arid more negative by 
Av,. Hence, the incremental changes Av, and 
Av, that cancel each other must take opposite 
signs. A negative value of p has, however, no 
physical meaning. Therefore, the equation for 
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is usually written as 


pH =| Av,/Av,| with i, 
or 
p= — Av,/Av, with i, held constant (13-22) 


held constant (13-21) 


The above equations tell us that in order to 
hold the anode current at a constant value, the 
anode and grid voltages must be changed in 
opposite senses and Av, should be p times Av,. 

The term ‘amplification factor’ shows how 
much a tube can boost the applied alternating 
current. This can best be illustrated by the 
following example. 

Let there be a tube for which p = 10 and 
Im = 3 mA V~'. Then feeding an alternating 
voltage with an amplitude V,,, = 2 V, will pro- 
duce an alternating component in the anode 
current with an amplitude of 6 mA. In other 
words, a change of 2 V in grid voltage leads to 
a change of 6mA in anode current. If we 
connected in the anode circuit a generator which 
supplies an alternating emf of 2 V peak value, 
the change in the anode current would be 
one-tenth of the above value (because p = 10), 
that is, a mere 0.6 mA. 

If we wished to obtain in the anode circuit an 
anode current with an alternating component of 
6 mA peak value solely at the expense of an a.c. 
generator, the latter would have to supply an 
a.c. emf of 20 V and not 2 V peak value, that is, 
10 times greater. Thus, the action of an al- 
ternating grid voltage of 2 V peak value is 
equivalent to connecting in the anode circuit 
a generator capable of supplying an alternating 
component of 2 x 10 = 20 V peak value. 

Hence, a triode whose grid is fed an al- 
ternating voltage V,,, may be treated as a 
generator supplying an alternating emf which is 
}! times greater, that is, ,1V,,, to the anode circuit. 
The tube itself, operating as an alternating 
anode current generator, draws d.c. power from 
the anode supply source. 

Vacuum triodes have an amplification factor 
ranging in value from 3 to 100; most often, it is 
10 to 30. 

Everything said about p may be applied to the 
penetration factor D = |/p. 

The penetration factor tells how much the 
action of the anode voltage on the cathode 
current is attenuated: owing to the grid. More 
accurately, it tells what fraction of the grid’s 
action on the cathode current the anode’s action 
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is. Hence, D is defined as 


D = |Av,/Av,| with i, held constant (13-23) 
or 
D = — Av,/Av, with i, held constant (13-24) 
As is seen, p and D are defined subject to 
different conditions. Therefore, when i, > i,, the 
equality D ~ 1/pis a very approximate one. It is 
only when i, = 0 that i, is precisely equal to i,. 
If we replace u with D in Eq. (13-20) con- 
necting the three tube parameters, we will have 


(13-25) 


The value of ut (or D) can be found from the 
tube’s characteristics by the two-point method 
(Fig. 13-12). The procedure is as follows. Re- 
ferring to the anode-grid curves for V,, and V,, 
(Fig. 13-12a), locate points A and B for the same 
anode current. The segment AB represents the 
corresponding change in grid voltage, Av,, and 
the respective change in anode voltage will be 
Av, = Va, — Vy2- Divide Av, by Av, to obtain p. 
The value of pp thus found is the average for the 
segment AB and is the approximate value of pat 
point Q lying midway on the curve (shown 
dashed) for an anode voltage of (V,, + V,5)/2. 

The amplification factor changes little from 
one part of a characteristic to another because 
the horizontal spacing between the curves (seg- 
ment AB) is nearly constant in magnitude. The 
fact that changes in p are small is corroborated 
by the equation 
Lt = Im" a 
For example, within the tail of the curve the 
transconductance g,, decreases while r, incre- 
ases in about the same proportion so that their 
product changes insignificantly. Thus, the am- 
plification factor (or the penetration factor) fits 
the definition of a tube constant best of all. 

When finding the value of p from the anode 
characteristics of a tube, locate points A and 
B for the same value of current on two curves, 
one for V,, and the other for V,, (Fig. 13-126). 
The segment AB represents the change in anode 
voltage, Av,. Dividing Av, by Av, = V,, — Vip 
will give the value of p which is the average over 
the segment AB and is close in value to pat point 
Q lying midway on the curve for a voltage which 
is the average of V,, and V,, (the dashed curve). 

Everything said about finding pt from the 
characteristics of a tube fully applies to D. 

Figure 13-13 illustrates how one should pro- 
ceed when finding all the tube parameters for a 
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(a) 


Fig. 13-12 
Finding the amplification factor from characteristics 


Fig. 13-13 


Finding all tube parameters at a specified operating 
point 


Fig. 13-14 


Triode parameters as functions of (a) grid voltage and 
(b) anode voltage 


specified point from the anode characteristics. 
To begin with, draw a vertical line and a 
horizontal line through Q-point. The intersec- 
tions of the two lines with the characteristics will 
then define g,, (points A and B) and p (points 
E and F). The a.c. anode resistance is found 
from points C and D. A similar procedure can be 
used to find the tube parameters from a family of 
anode-grid transfer characteristics. 

The manner in which the tube parameters 
change within the various regions of the cha- 
racteristics is shown in the plots of g,,, r,, and 
p as functions of grid and anode voltages 
(Fig. 13-14). 
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Reference sources (data sheets and hand- 
books) quote the tube parameters for the elec- 
trode voltages stated. If a tube is actually 
operated at some other electrode voltages, the 
tube constants will be different (especially g,, 
and r,). Therefore, when the actual d.c. supply 
voltages and other operating conditions are 
different from those stated in a data sheet, the 
tube parameters will often have to be defined 
from the tube’s characteristics. Inaccuracies in 
tube manufacture are responsible for a marked 
spread in parameters among tubes of the same 
type. 

Since the grid-cathode space is equivalent to 
a diode, investigators are often concerned with 
the parameters of the diode part of triodes. They 
are analogous to those of actual vacuum diodes. 


13-6 Grid Current 


The grid characteristic of a triode may often 
start at a point other than v, = 0 (curve 2 in 
Fig. 13-15) because the electrons escaping from 
the cathode start out on their travel towards the 
anode at a velocity other than zero, owing to the 
contact potential difference, and also due to the 
thermo-emf inevitably generated at a contact 
between two dissimilar metals and existing in 
the grid circuit. As often as not, the grid 
characteristic of a triode starts within the region 
of small negative grid voltages, or the tail of the 
grid characteristics (curve 1). The grid current 
within the tail is very small, being a small 
fraction of a milliampere for receiving-ampli- 
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Fig. 13-15 

Position of the grid characteristic at several values of 
grid voltage 


fying tubes. Grid characteristics starting in the 
region of positive grid voltages (curve 3) are 
a rarer occurrence. They result if the contact 
potential difference turns the grid negative and 
its action is stronger than that of the initial 
velocity of the escaping electrons. 

Still there is a small grid current even when 
the grid is negative. It is referred to as the reverse 
grid current (the electrons making up this cur- 
rent move towards the grid in the external leads 
of the grid circuit). The reverse grid current has 
three components: an ion current, a thermo- 
current, and a leakage current. 

The ion current occurs in tubes with a poor 
vacuum (gassy or soft tubes). The grid cha- 
racteristic of such a tube has the shape shown in 
Fig. 13-16a. When the grid voltage is raised 
above its cutoff value in the positive direction 
and there appears an anode current, the elec- 
trons travelling towards the anode collide with 
gas atoms and ionize them. The positive ions 


Fig. 13-16 


Triode: (a) characteristics and (b) motion of electrons and ions in a poor vacuum (in 
a ‘gassy’ or ‘soft’ tube) 
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move towards the negative grid and remove 
electrons from it, thus turning into neutral 
atoms. The grid expends electrons, but the 
expenditure is replenished by the grid supply 
source so that a negative potential is maintained 
at the grid. The grid circuit carries a current 
constituted by electrons moving from the “—” 
terminal of the £, supply source to the grid 
(Fig. 13-165). 

As the grid is made less negative, the anode 
current builds up, and ionization is increased. 
More ions reach the grid, and the ion current 
increases. As the grid voltage approaches zero, 
electrons begin to arrive at the grid, giving rise 
to the electron current of the grid. It rises at 
a higher rate than the ion current because the 
number of electrons reaching the grid exceeds 
that of ions. The reverse grid current decreases 
until, at some negative voltage, it reverses its 
direction (Fig. 13-16a). From that instant on 
and with the grid held positive, the electron 
current prevails over the ion current to the 
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extent that the latter plays no role. As is seen, the 
reverse grid current reaches its peak value at 
some negative grid voltage. When the vacuum 
maintained in the tube envelope is changed, the 
number of ions is also changed. In consequence, 
there is a change in the ion current, and the grid 
characteristic of the tube is shifted. In this way, 
variation in the vacuum leads to an instability in 
the characteristics of the tube. 

If the grid is raised to an elevated tem- 
perature, it may become an emitter of electrons, 
thus giving rise to a thermionic emission current 
(or thermocurrent). As a way of reducing this 
current, it is practised to make the grid wires in 
high-power tubes from a metal having a high 
electronic work function. 

The /eakage current existing in the grid circuit 
is due to the imperfect insulation between the 
grid and the other electrodes. 

The reverse grid current in high-power tubes 
does not exceed several microamperes. In low- 
power tubes, it is a few tenths of a microampere. 


Chapter Fourteen 
The Vacuum Triode in Operation at Load 


14-1 General 


A vacuum triode is said to be operating at load, 
when a load resistance is placed in its anode 
circuit (Fig. 14-1). 

At no-load, the anode voltage of a tube is 
equal to its anode supply voltage, E,. If we 
change grid voltage in this condition, the anode 
current will change too, but the anode voltage 
will remain unchanged and equal to E,. Hence, 
we may conclude that the anode current is 
a function of only the grid voltage. In the light of 
this finding, any calculations related to this 
condition may be carried out by reference to the 
usual static characteristics and parameters of 
the tube. Sometimes, the load is an instrument 
which has a very low resistance in comparison 
with the a. c. anode resistance of the tube. Then, 
it may be deemed that the tube is operating at 
no-load. 

In most cases, however, a tube is operating at 
load, that is, when the load resistance is compa- 
rable with the a.c. anode resistance of the tube. 


In operation at load, a voltage drop is produced 
across the load resistance, given by 


Dp = 1, Ry, 


where R, is the load resistance. This voltage 
drop accounts for a noticeable part of £,. 
Therefore, we may write 


(14-1) 


Equation (14-1) is the basic relation for a tube 
operating at load. 

For simplicity, let us assume that the anode 
supply source has an internal resistance of zero. 
Then its voltage is equal to its emf and remains 
unchanged when the current changes. 

Thus, for a tube operating at load we have two 
conditions: R, = const and E, = const. In con- 
trast to operation at no-load, the anode voltage 
at load does not remain constant. Let, for 
example, the grid voltage rise so that the anode 
current increases. Then a greater voltage drop 
Vp Will be produced across the load, while the 
anode voltage v, will fall by the same amount 


v, = E, — ve Or vg = E, — i, Ry 


Ch. 14. Vacuum Triode in Operation at Load 183 


because the sum of the two voltages cannot 
exceed E,. When the grid voltage decreases the 
anode voltage must increase. 

Thus, in operation at load the anode voltage 
varies in anti-phase with respect to the grid 
voltage. Of course, a phase shift of 180° between 
the anode and grid voltages can result only 
when the load is purely resistive. If the load 
includes a reactive component, the phase diffe- 
rence between v, and v, will be other than 180°. 

Phase reversal of anode voltage relative to 
grid voltage is responsible for the fact that in 
operation at load the anode current varies to a 
lesser degree than it does in operation at no- 
load. This happens because at no-load the 
anode current changes solely under the influ- 
ence of grid voltage; in operation at load 
a change in anode voltage is in opposition to 
a change in grid voltage so that the latter change 
is in part made up for by the opposing change in 
anode voltage. This is sometimes referred to as 
anode reaction. Of course, the effect of grid 
voltage is never balanced out completely be- 
cause the grid produces a stronger action than 
the anode. Therefore, changes in anode current 
follow those in grid voltage, that is, are in phase 
with the latter. 

A distinction of a tube operation at load is 
that its anode current changes in response to the 
simultaneous and opposing changes in its grid 
and anode voltages. The anode current is said to 
be a function of these two voltages: 


ig =f(Ug, Ua) 


with the anode voltage itself being a function of 
the grid voltage in operation at load. 


14-2 An Amplifier Stage Using a 
Vacuum Triode 


The most commonly used form of an amplifi- 
er stage built around a vacuum triode is the 
common-cathode circuit (Fig. 14-2), similar to 
the CE transistor stage or the CS FET stage. 

The a.c. voltage supplied by a signal source, 
SS, is applied to the grid. The grid-circuit 
terminals to which the signal voltage is applied 
are called the stage input. Similarly to a transis- 
tor amplifier stage, the tube amplifier stage 
boosts the signal in power. This entails amplifi- 
cation in both voltage and current. 

Consider the amplification of a sinewave 
signal at a relatively low frequency when we may 
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Operation of a triode under dynamic (at load) con- 
ditions 


Fig. 14-2 
Circuit of an amplifier stage 


neglect the effect of the interelectrode capaci- 
tances. 
The source voltage (Fig. 14-3a) is given by 


(14-2) 


The grid also accepts a negative direct volt- 
age, E,, called the grid bias voltage. It shifts the 
operation of the tube into the region of negative 
grid voltages and has as its primary objective to 
prevent the grid from drawing any current. 
Otherwise this would cause distortion in the 
amplified signal and put an additional load on 
the signal source with the result that the alter- 
nating voltage applied to the grid would be 
reduced. So long as the bias voltage EF, is not 
smaller in absolute value than the amplitude of 
the signal being amplified, V,,,., the grid remains 
always negative and draws no current. Thus, if 
we wish to avoid a grid current, we should meet 
the following condition: 


|Eg| > Ving (14-3) 

The resultant grid voltage is a pulsating one 
(Fig. 14-35) and is given by 
vb, = E, + Vig Sin OF 


Vin = Vmax Sin wr 


(14-4) 


where V,,. = V,,in- 
This voltage causes the anode current to 
pulsate as well. When there is no alternating 
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voltage applied to the grid (the no-signal or 
quiescent state), the stage is quiescent, and the 
anode current has a constant value, I’,5, called 
the quiescent anode current. When an a.c. vol- 
tage is fed to the grid (the with-signal state), it 
causes the current to change periodically. If the 
tube is operating within the linear region of its 
anode-grid characteristic, the anode current 
varies in the same manner as the grid voltage. As 
a result, the anode current acquires a sinewave 
component of amplitude J/,,, (Fig. 14-3c). The 
anode current is then given by an equation of the 
form 


(14-5) 


This current produces across the load resis- 
tance R, a voltage drop, vp =i,R,, which 
changes in the same manner as the anode 
current. Therefore, the plot of the anode current 
waveform, drawn to a different scale, may 
represent the waveform of vp: 


i, = Igo + Ing Sin OF 


Vp = Veo + Vag Sin wt (14-6) 
where 

Vro = TaoRi 

and 

Var = Vn out = LnaRe (14-7) 


The anode-yoltage varies in anti-phase with 
respect to v, and i, (Fig. 14-3d). In the quiescent 
state, 


Vio = E, — Veo 


In the with-signal state, the anode voltage is 
given by 
(14-8) 


If we move around the anode circuit consecu- 
tively, we will see that v, and vp change in 
opposite senses in accord with Eq. (14-1). The 
alternating voltages at the anode and across the 
load, as found with respect to the cathode, will 
be equal, that is, 


ea = Vink 


Va = Vao — Ving SiN Ot 


Thus, the output voltage is the alternating 
anode voltage. Therefore, the anode and cath- 
ode of the tube are its output terminals. When it 
is required that no d.c. voltage should be 
present at the output, a d.c. blocking capacitor, 
C,, is placed between the anode and the output 
terminal (see Fig. 14-2). It passes only the 
amplified alternating voltage, but acts as an 
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Fig. 14-3 
Operation of an amplifier stage built around a triode 


effective open-circuit for the d.c. component. 
The capacitance of the d. c. blocking capacitor 
is chosen such that its reactance at the lowest 
operating frequency is a small fraction of the 
load resistance, R,, connected to the output 
terminals. Then the loss of alternating voltage 
across C,, will be negligible. If the reactance of 
the blocking capacitor, 1/mC,, is less than 
0.1 Rj, the reduction in the output voltage due 
to Cy will be less than 0.5%. 

The £, supply source is shunted by a capaci- 
tor, C,, whose reactance at the lowest operating 
frequency is a small fraction of R,. Its purpose is 
to eliminate the effect of the internal resistance 
of the anode supply source because the low 
reactance of a capacitor is equivalent to a 
short-circuit for an alternating current, and no 
a.c. voltage drop occurs across the capacitor. As 
often as not, C, is not shown in the circuit 
diagram, implying that it is lumped with the E, 
supply source. For example, a rectifier always 
includes a high-value capacitor to smoothen the 
ripple. The grid bias voltage source is likewise 
shunted by a capacitor, C,. 

Amplifier stages often use automatic bias (also 
called self-bias). The required magnitude of bias 
voltage is developed from the E,, supply source 
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(Fig. 14-4) by means of R,, called the cathode 
resistor or the self-bias resistor, placed in the 
cathode lead and bypassed by a capacitor, C,. 
The direct component of cathode current pro- 
duces across R, a voltage drop which is utilized 
as the grid bias voltage 


E, = IoRy (14-9) 


The positive side of this voltage is applied to the 
cathode and its negative side (via the signal 
source SS or a grid resistor R,) to the grid. Using 
Eq. (14-9), we can find the value of R,, required 
to develop the necessary bias voltage. For 
example, if we wish to obtain E, = — 4 V at 
Io = 5 mA, then 


Ry = Ey/Igo = 4 + 5 = 0.8 kQ = 8002 


The cathode capacitor C, has a sufficiently 

high capacitance and removes the ripple from 
the voltage across R, due to the alternating 
component of cathode current. This capacitor 
acts in a manner similar to that of the capacitor 
intended to smoothen the ripple in a rectifier (see 
Chap. 3). For the ripple in the bias voltage to be 
kept to a minimum the reactance of C, at the 
lowest operating frequency m, must be a small 
fraction of R,: 
1/a,C, « R, (14-10) 
Then it is legitimate to deem that the alternating 
cathode current is diverted to pass through C,, 
and only the direct component of cathode 
current is able to flow through R,. 

The circuit shown in Fig. 14-4a is used when 
the signal source SS does not present an open- 
circuit to direct current and when the signal 
source itself does not generate a direct voltage. 
If, on the other hand, the signal source conducts 
no direct current or generates a direct voltage, 
resort is made to the circuit shown in Fig. 14-46. 
Here, the signal to be amplified is fed to the grid 
via a d.c. blocking capacitor C,, and the bias 
voltage is fed via R,, a grid resistor of a very high 
value (usually hundreds of kilohms or even 
greater) so as to make the input resistance of the 
stage very high. To avoid the loss of alternating 
current, the capacitive reactance of C,, at the 
lowest operating frequency @, must be a small 
fraction of R,: 


1/0,C, « R, (14-11) 


This resistor also serves to prevent an excessive 
accumulation of electrons at the grid. If there 
were no R,y, the grid circuit would be open for 
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Fig. 14-4 
Automatic (self-) bias circuits 


direct current (the grid would be isolated), and 
the electrons reaching the grid would charge it 
to a negative potential such that the tube would 
be driven to cutoff. With R, included in the grid 
circuit, the charge accumulating on the grid is 
free to leak to ground. This is the reason why R, 
is often called the grid leak. 

If the grid leak is not to overload the signal 
source, it must have a sufficiently high value, 
usually such that R, >> R,,. Because the input 
alternating voltage is divided between C, and 
R,, it is essential to satisfy the condition defined 
in Eq. (14-11). Then the loss of voltage across 
C,, will be insignificant, but R, ought not to be 
chosen too high in value. When a large pulse of 
positive voltage (say, due to noise or interfer- 
ence) happens to reach the grid, the grid attracts 
a great number of electrons and accumulates 
a large negative charge which tends to drive the 
tube to cutoff. At a very high value of R,, this 
charge will leak off very slowly, and the tube will 
remain in the OFF (nonconducting) state for 
some time. 

Now let us see why the grid current is 
a detrimental factor. Suppose that an amplifying 
stage is operating with no negative grid bias 
applied. Then, during the negative half-cycles of 
the alternating grid voltage, no current will be 
flowing in the grid circuit, the signal source will 
be idling, and the grid voltage will be equal to 
the signal source emf. During the positive 
half-cycles, however, a grid current will be 
flowing, and it will produce a voltage drop 
across the internal resistance of the signal 
source, R,,. Now the signal source will be 
operating at load, and the grid voltage will be 
smaller than its emf by the fraction of voltage 
lost inside the signal source. During the positive 
half-cycles, the amplitude of grid voltage will be 


Moe ra Pigs ae I, maxXss (14-12) 
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where £,,, = amplitude of the signal-source emf 
I, max = Maximum value of grid current 
During the negative half-cycles, Vig = Eng: 
The internal resistance of the signal source, 
R,s, is often very large. The voltage drop across 
the signal source is then appreciable, too. As 
a result, the alternating grid voltage ceases to be 
sinewave, that is, nonlinear distortion occurs. 
The peak value of grid voltage during the 
positive half-cycles is smaller than it is during 
the negative half-cycles (Fig. 14-5a). Also, an 
increase in the amplitude of alternating grid 
voltage leads to a greater grid current and 
a heavier distortion. It is caused by the nonlinea- 
rity of Ry, the resistance of the grid-cathode 
space which acts similarly to a vacuum diode. 
When the grid is positive, this resistance does 
not exceed 1 kQ. When the grid is negative, it 
tends to infinity. When the signal source is 
loaded into such a nonlinear resistance, its 
voltage waveform is distorted. Since the grid 
voltage waveform is distorted, the amplified 
voltage appearing at the output of the ampli- 
fying stage likewise has a distorted waveform. 
Nonlinear distortion is at its heaviest when 
R,, is many times Ry. Then, during the positive 
half-cycles, the signal source is short-circuited, 
and the grid ‘voltage is zero very nearly. For 
example, if Rg = 100 kQ and Re, = 1 kQ, then 
the grid voltage during the negative half-cycles 
is equal to the emf of the signal source, while 
during the positive half-cycles it is about 1% of 
the signal-source emf. That is, nearly all of the 
signal-source emf is dropped across Ry, (Fig. 
14-55). Practically, the voltage fully consists of 
only negative half-cycles (the positive half-cycles 
are clipped off). 
This condition is utilized in limiters, but it 
cannot be used for distortion-free amplification. 
When the grid is prevented from drawing any 
current in operation by applying a negative grid 
bias, the resistance of the grid-cathode space is 
very high, and the signal source is operating at 
no-load for the duration of each cycle. The grid 
voltage is at all times equal to the emf of the 
signal source, and its peak value is the same 
during both the positive and negative half-cycles 
and has the maximum attainable magnitude. In 
the circumstances, the grid-cathode space does 
not load the signal source, that is, it draws no 
power from it. In consequence, we may use 
a signal source of an arbitrary low power rating. 
There is some load on the source due to the 
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Fig. 14-5 


Grid voltage of an amplifier stage at various bias 
values 


0 ie 
Fig. 14-6 


Anode current distortion in the case of positive- and 
negative-peak cut-off 


input capacitance of the tube, but it is negligible 
and has to be taken into account only at very 
high frequencies (see Sec. 14-7). 

Thus, when an amplifier stage is operating 
with its grid held negative so that it draws no 
current, no distortion can occur that would 
otherwise be caused by this current. If, however, 
the alternating grid voltage exceeds in ampli- 
tude the grid bias voltage, V,,, > | £,|, there will 
be a grid current flowing during some part of 
each cycle, and it will give rise to distortion. The 
part of the positive half-cycle of alternating grid 
voltage that extends into the positive region will 
be clipped off (Fig. 14-Sc). 

The waveform of plate current will be distor- 
ted as well. As is shown in Fig. 14-6, the upper 
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part of the positive cycle of anode current is 
clipped off or flattened (positive-peak limiting). If 
a part of the negative half-cycle of grid voltage 
happens to drive the tube to cutoff, it is clipped 
off too (negative-peak limiting). Instead of 
a sinewave, the anode current waveform may 
become trapezoidal. 

When a d.c. voltage exists in the signal source, 
it ought not to be allowed to reach the grid. To 
this end, the signal to be amplified is fed to the 
tube via a transformer (Fig. 14-7) or a d.c. 
blocking capacitor (Fig. 14-4b). The bias vol- 
tage is applied to the grid via the transformer 
secondary or a grid resistor, Rus with a resistance 
of several hundred kilohms to several megohms. 

Tube-based amplifier stages may be used at 
any frequencies. At audio frequencies, it is 
customary to use resistance- (or resistive-) coup- 
led stages (see Fig. 14-4a), transformer-coupled 
stages (Fig. 14-8a), and, although more seldom, 
choke-coupled stages (Fig. 14-86). 

Radio-frequency (r. f.) amplifiers include, as a 
rule, a resonant circuit. The input section of such 
stages may have any of the configurations we 
have examined: the signal source may be directly 
coupled to the tube (Fig. 14-9a), transformer- 
coupled (see Fig. 14-7), or capacitance-coupled 
(see Fig. 14-45). As often as not, an r. f. amplifier 
may have a second resonant circuit in its grid 
lead (Fig. 14-96). 


14-3 Amplifier Stage Parameters 


The key parameter is the stage gain k,, defined 
as the ratio of output to input voltage: 


ky = Vout! Vo,in = Vine / Ving (14-13) 


Although k,, is the stage voltage gain, the word 
‘voltage’ is often omitted. 
The amplification of alternating current is 
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Fig. 14-7 
Input coupling transformer 


defined as the ratio between the peak values of 
output and input currents: 


ky = Ip out/Imin = Ina Img (14-14) 


If a stage is operating at low frequencies and its 
grid is drawing no current, the input current is 
negligible, and k, is very high. It may be several 
thousands or even millions, that is, many times 
the figure for stages using bipolar transistors. 

The amplified voltage appearing at the stage 
output is given by 


Vie out — Vink = Vig = Tina Rv 


or (14-15) 
Vink = KVing 


The performance of an amplifier stage can 
also be stated in terms of its output power, Pou, 
which is the power due to the alternating 
component of anode current in the load: 


Pout = 0-51 ma Ver = 0.5124 Ry, = 0.5V2,p/ Ry (14-16) 


The efficiency of an amplifier stage may be 
expressed in any one of several ways. One is the 
anode circuit efficiency defined as the ratio 
between its output power P,,, and the d.c. 
power P, supplied by the £, source: 


expressed in terms of the stage current gaink, 1 = Pou/Po (14-17) 
(b) 
—E,+ 
Fig. 14-8 


Amplifier stage: (a) transformer-coupled and (4) cho- 
ke-coupled 
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Tank-circuit-coupled amplifier stages 


where 
Po: = InavEn (14-18) 


or the product of the anode source emf E, by the 
d.c. component of anode current, I, ay. 

The efficiency tells what fraction of the power 
expended by the anode supply source is conver- 
ted to the useful power of the amplified signal. 

The difference between Py and Poy is the 
power loss: 


Pross = Po — Pout (14-19) 


In a resistive-coupled stage, the power loss is 
the sum of the anode dissipation P, and the d.c. 
power lost in the load resistor, Pg. The efficien- 
cy of resistive-coupled stages is always low, but 
this factor is of minor importance because such 
stages are used as low-power amplifiers. High 
efficiency becomes an important factor where 
high power is involved. The efficiency of high- 
power transformer-coupled a.f. amplifiers or 
tuned-circuit r.f. amplifiers operating at low 
distortion levels is 40-45%. These circuits have 
a higher efficiency because, among other things, 
the d.c. resistance of the transformer primary or 
the tuned-circuit inductor is small and they 
dissipate very little power. For these stages, the 
power loss is approximately equal to the anode 
dissipation alone: 


Pisses = P: = Po i Pout (14-20) 


When no a.c. voltage is fed to the grid and 
Pout = 9, all of Po is equal to P,, that is, it is 
dissipated at the anode. This might cause over- 
heating, and the tube might fail. 

In high-power stages operating in modes that 
permit substantial distortion but calling for the 
largest possible power output and efficiency, the 
latter may be as high as 70-80%. 

Efficiency can be improved by the use of 
negative grid bias. It reduces the direct com- 
ponent of anode current and, in consequence, 


P,. Anexcessive negative bias, however, reduces 
the useful power output because the tube trans- 
conductance falls and appreciable nonlinear 
distortion arises. 

Stage efficiency ought not to be confused with 
the stage power gain, kp, defined as the ratio of 
the output power, P,,;, to the signal-source 
power, Pj,: 
kp > out/ Pin (14-21) 


The signal-source power can be found by the 
equation 


Pin = 0.51,,in/ Vein (14-22) 
Therefore, 
kp = 0.51, out Vin out/0.5I nin ae i = ky ky 

(14-23) 


A major distinction of an amplifier stage is 
that it boosts the input signal in power. How 
well it does this job is indicated by its kp. There is 
some difficulty, however, in finding P;,. There- 
fore, one ordinarily uses only the stage voltage 
gain k,,. For an a.f. amplifier stage operating at 
negative grid bias, Pj, is negligible because the 
grid current is very small. If the stage includes, in 
addition, a grid leak R, (see Fig. 14-4), Pin will 
be determined by the power lost in the grid 
resistor: 


Pin = Ving/2R, (14-24) 


Since R, is usually very high, the input power is 

negligible. For example, when V,,, = 2 V and 

R,=1 mQ, we have 

Pin = 2?/(2 x 10°) =2 x 10°° W=2 pW 
(14-25) 


In amplifiers operating with no grid current, 
kp may be as high as several hundred thousands 
or even greater. It is always much lower for 
stages using bipolar transistors owing to appre- 
ciable input currents. When an amplifier is 
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operating with its grid drawing some current, 
there is an abrupt fall in its kp because of a 
substantial increase in P;,. There is a reduction 
in kp also at microwave frequencies (see Chap. 
19). In the VHF and SHF bands it may even fall 
to less than unity. 

Another important quantity of an amplifier 
stage is its input impedance, that is, the opposi- 
tion that the stage presents to the signal source, 
Rj. In fact, we should have given it the symbol 
Z;, because it has both a resistive and a reactive 
component. The reactive component is contri- 
buted by the input capacitance of the tube (see 
Sec. 14-8). At audio frequencies, however, this 
reactive component is very high, so it is legiti- 
mate to neglect its shunting effect and to regard 
the input impedance as purely resistive; hence its 
designation as Rj,. In r.f. amplifiers, the grid 
circuit is usually extended to include a resonant 
circuit, so the input capacitance is lumped with 
the tuned-circuit capacitance, and again we 
need only to consider the resistive component of 
the input impedance, that is, Rin. 

With no grid current flowing and at low 
frequencies, R;, tends to infinity. Practically, 
this resistance may be very high (many meg- 
ohms), which is an advantage because the signal 
source is then operating in conditions close to an 
open circuit (at no load), and it delivers a 
maximum voltage nearly equal to its 
emf. If, in addition, there is a grid leak, R,, as 
shown in Fig. 14-45, the input resistance will 
solely be determined by its value. The grid 
current drastically reduces the input resistance 
to a few kilohms or several hundred ohms. If the 
signal source generates a sinewave emf, the input 
resistance is that of the grid-cathode space at the 
fundamental of the pulsating grid current: 


Rin > Voigt ligt (14-26) 

where V,,,, = fundamental amplitude of grid 
voltage 

Ing = fundamental amplitude of grid 
current 


The performance of the tube used in an 
amplifier stage can be calculated using an 
analytical method or a_ grapho-analytical 
method. 

With the analytical method, calculations in- 
volve the use of simple equations written in 
terms of the tube parameters usually found from 
the characteristics applicable to a given set of 
operating conditions. The ratings quoted in 
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data sheets and other reference sources may 
only be used when the actual operating condi- 
tions are close to the standard ones. Unfortuna- 
tely, this method is not accurate enough in cases 
where the signal to be amplified has large peak 
values. The point is that it does not take into 
account the tube nonlinearity. Nor may the 
analytical equations be used to calculate the 
direct components of tube currents and vol- 
tages. 

The grapho-analytical method is based on the 
use of the load line and dynamic transfer 
characteristics which are derived from the static 
characteristics and take into account the tube 
nonlinearity. Therefore, this method is most 
accurate. Also, it permits the calculation of both 
alternating and direct components of currents 
and voltages. 

Unfortunately, the graphical constructions 
involved are very time-consuming. Also, the 
method is not applicable to small-signal cases 
when the necessary graphical construction can- 
not simply be done, and calculations have to be 
carried out using equations written in terms of 
the tube parameters. 


14-4 The Analytical Method and the 
Equivalent Circuits of an Amplifier Stage 


This method uses the tube parameters in 
order to determine the incremental changes in 
anode current, Ai,, in response to changes in v, 
and v,. 

Because in operation at load changes occur in 
both the grid and anode voltages, Ai, may be 
interpreted as a sum of two increments: Ai; due 
to Av, while neglecting the anode reaction, and 
Ai, due to changes in anode voltage by Av,. 

It follows from the equation of transconduc- 
tance that 


Ai, = ImAv, (14-27) 


Recalling the equation for r,, we may write 
Ai, = Av,/T, (14-28) 


Hence, the total incremental change in anode 
current is 


Ai, = Ai, + Ai, (14-29) 
or 
Ai, = gmAv, + Av,/r, (14-30) 


Equation (14-30) is the basic tube equation. 
Using it, we can, among other things, derive an 
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equation connecting the tube constants. To 
demonstrate, if Ai, = 0 or, which is the same, 
i, = const, we get 
Inla = — Av,/Av, =u 

Let us re-write Eq. (14-30) in a more con- 
venient form. A change in anode voltage is 
always equal in magnitude but opposite in sign 


to the corresponding change in the voltage 
across the load resistance R,: 


Av, = — Avg (14-31) 
By Ohm’s law, Av g is equal to R, Ai,. Hence, 
Av, = — R,A& (14-32) 


On substituting Eq. (14-32) into Eq. (14-30), we 
get 


Ai, = GmAv, — R,Ai,/r, (14-33) 
Solving Eq. (14-33) for Ai, yields 

Ai, = Gm AVg/("g + Ri) (14-34) 

or (if we recall that g,,7, = 1) 

Ai, = pAv,/(r, + Ry) (14-35) 


Equation (14-35) is the basic one in the 
analysis and synthesis of tube circuits and 
expresses Ohm’s law for alternating anode cur- 
rent. The numerator pAp, is the alternating emf 
existing in thé anode circuit, and the denomi- 
nator r, + R, is the total anode circuit resis- 
tance to alternating current. It follows then that 
in the anode circuit the tube acts as a generator 
of an alternating emf (terminal voltage) pAv,. 
The same conclusion was drawn in connection 
with the amplification factor ny. Now we have 
obtained it mathematically. 

Thus, a triode whose grid voltage changes by 
Av, is equivalent to an ideal generator of an 
alternating emf (terminal voltage) pAv, and with 
an internal resistance r,. Of course, a tube can 
operate as a voltage generator only on the 
proviso that its anode circuit is energized by 
a d.c. emf source and an a.c. voltage is fed to its 
grid. 

In terms of alternating current, the anode 
circuit of a triode may be represented by the 
equivalent circuit of Fig. 14-10a. It does not 
include the anode supply source because its 
resistance to the alternating component is deem- 
ed equal to zero. Sometimes, the equivalent 


* This result can also be obtained on finding Av, 
from the equation: v, = E, — i, R,- 
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Fig. 14-10 


Equivalent anode circuit for the a.c. component of 
anode current, with the triode replaced by a Thévenin 
equivalent (a constant-voltage generator) 


circuit shows the ideal pAv, generator in series 
with a resistor, r, (Fig. 14-105). The Av, gene- 
rator is the tube. The anode supply source feeds 
ad.c. emf (terminal voltage), E,. Its purpose is to 
supply the anode circuit with direct voltage. The 
load R, dissipates and not generates power. The 
alternating component of anode current is pro- 
duced solely inside the tube when a change in its 
grid voltage, Av,, causes its anode current to 
vary. 

The treatment of a tube as an alternating 
voltage (or, rather, emf) generator was proposed 
independently of each other by Bonch-Bruye- 
vich of Russia and H. Barkhausen of Germany. 
Equation (14-35) and the associated equivalent 
circuit have proved very useful in tube circuit 
analysis and design. A good deal of theory 
dealing with tube and other electronic circuits 
has been based on this classical concept. Its 
opponents argue, however, that a tube cannot 
be treated as a voltage generator. They neglect 
the fact that a generator is an energy (or power) 
converter. It uses one form of energy and 
generates another form of energy. In our case, 
we feed d.c. energy from the anode supply 
source to a tube which converts some of the 
input into an a.c. energy. Therefore, the treat- 
ment of a tube as an a.c. voltage generator has 
a real physical meaning. It is in the tube that the 
a.c. emf giving rise to an a.c. anode current is 
generated. 

The opponents of the classical theory treat the 
tube as a variable resistor for which the equiva- 
lent circuit should take the form shown in 
Fig. 14-11. This equivalent circuit is physically 
sound, too, and applies to both the alternating 
and the direct components of anode current. If 
the grid voltage is constant, the tube presents 
a certain static (or d.c.) resistance, Ry, and the 
anode current is 


Tao = E,/(Ro + Ri) (14-36) 
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When the grid becomes more negative, Ro 
increases. When it becomes more positive, Rp 
decreases. If, however, Ry changes, the anode 
current must change as well—it acquires an 
alternating component. 

However, it is not convenient to use the 
equivalent circuit of Fig. 14-11 for practical 
purposes. The point is that while the anode 
current varies sinusoidally (such as when the 
tube is operating at a small sinewave alternating 
grid voltage), Ry has to vary in an intricate, 
nonsinusoidal manner, and this fact entails 
considerable mathematical handicaps. 

The equivalent circuit for an alternating an- 
ode current, with the tube replaced by an 
equivalent voltage generator, is simple and 
convenient to use. Ohm’s law, Eq. (14-35), 
applicable to this equivalent circuit establishes 
a linear relationship between changes in anode 
current and changes in grid voltage, Av,. So long 
as the grid voltage varies sinusoidally, the anode 
current likewise changes sinusoidally. This is the 
reason why the equivalent circuit of Fig. 14-10 
has won wide popularity despite the fact that it 
cannot be applied to direct anode current. 

Equation (14-35) yields accurate results only 
when the tube is operated within the linear 
regions of its characteristics where p and r, are 
constant. Within the nonlinear regions of the 
characteristics, 1p and r, themselves are functions 
of grid voltage. If, with the tube operating within 
the nonlinear regions of its characteristics, we 
use Eq. (14-35) and substitute in it the values of 
and r, averaged over those regions, the results 
will be approximate. The error can be reduced 
by reducing the change in the grid voltage, Av,. 
Equation (14-35) is a Jinear approximation of the 
nonlinear relationship between the changes in 
anode current and grid voltage. It may also be 
used to find their peak values: 


Ima = Wing /(a + Rr) (14-37) 


The smaller the amplitude, the smaller the error. 

After the amplitude of the alternating com- 
ponent of anode current has been found, it is an 
easy matter to determine the output voltage and 
the output power of the stage. 

Sometimes it is convenient to treat a tube as 
an equivalent current generator (or constant- 
current source) with the help of Norton’s theo- 
rem. By Norton’s theorem, any voltage genera- 
tor whose terminal voltage (or emf) is E may be 
replaced with an equivalent constant-current 
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Fig. 14-11 


Equivalent anode circuit, with the triode replaced by 
a variable resistor 


Fig. 14-12 


Equivalent anode circuit, with the triode replaced by 
a Norton equivalent (a constant-current generator) 


generator which produces a short-circuit cur- 
rent equal to the quotient of its terminal voltage 
by its internal resistance, the latter being con- 
nected in parallel with the load resistance. This 
type of equivalent circuit is shown in Fig. 14-12. 
Here, the alternating current Ai, is flowing, as 
before, through R,, and the generator current 
given by g,,Av, is the short-circuit current, that 
is, the current at no-load. To demonstrate, it 
follows from Eq. (14-35) that when R, = 0, the 
change in current is equal to 


HAv,/r, = JmAvg 


Let us prove the validity of the Norton 
equivalent circuit. To this end, we multiply both 
sides of Eq. (14-34) by R,: 

Ri Ai, = GmAvyrgRi/('a + Rv) (14-38) 


The product of R, by Ai, is the voltage Avp, and 
the right-hand side of the equation shows that 
Avg can be obtained if we multiply the current 
GmAv, by the total resistance of r, and R, 
connected in parallel. However, the parallel 
connection of the internal resistance of the 
generator and the load is a convention which 
does not always reflect the true situation. The 
Norton equivalent circuit is more often used in 
cases where the load is a parallel combination of 
several arms and also in connection with pen- 
tode tubes. 

Now we will go through a procedure that 
yields the stage voltage gain which is defined as 


ky = Avg/Av, (14-39) 
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The stage gain is physically different from the 
amplification factor of a tube. The amplification 
factor of a tube is defined as the absolute ratio of 
increments in anode and grid voltages such that 
the anode current of the tube remains constant 
(see Sec. 13.5). In Eq. (14-39), the change in 
load voltage, Avg, results from a change in grid 
voltage, Av,. In other words, the stage gain ky 
tells how many times the alternating voltage 
applied to the tube’s input is amplified. 

Since Avg = R, Ai,, it follows that 


ky = R,Ai,/Av, (14-40) 


If we replace Ai, in Eq. (14-40) with its 
expression from Eq. (14-35), and cancel out Av 
we will derive a very important formula 


ky = pR, /(r, + Ry) (14-41) 


Equation (14-41) is widely used in telecom- 
munications and electronics. If we know the 
tube constants and the load resistance, we can 
readily calculate the stage voltage gain by this 
equation. As often, it may be used to solve an 
inverse problem, that is, to find R, at which 
a given tube would yield the necessary gain. It is 
seen from Eq. (14-41) that in operation at load 
k, is less than pt because it is multiplied on the 
right-hand side of the equation by a fraction 
which is smaller than unity. This means that the 
alternating emf, pAv,, generated by the tube 
cannot be fully utilized. The greater the load 
resistance in comparison with r,, the greater the 
contribution of Avg to the alternating emf and 
the closer the value of k, to that of p. The 
fraction R,/(r, + R,) increases and tends to 
unity with increasing R,. 

Example. Suppose that we have a tube for 
which p = 10 andr, = 10 kQ, and that the load 
resistance is R, = 40 kQ. Then, by Eq. (14-41), 
we obtain 


ky = 10 x 40/(10 + 40) = 8 


g° 


so k, is less than up. If the alternating voltage fed 
to the grid is Av, = 2 V, the alternating emf 
acting in the anode circuit will be pAv, = 10 x 
x 2 = 20 V. It will be divided between R, and 
r,. The share of R, will be 16 V, or 80% of the 
emf, because 40 kQ is 80% of the total resistance 
of the anode circuit, equal to 50 kQ. Thus, 


ky = 16/2 = 8 


Suppose now that R, tends to infinity. Then, 
by Eq. (14-41), we find that k, seems to tend to 
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u.* This is not feasible, however, because at 
R,, = ©, the anode circuit is open, and the tube 
will not operate. 

As R, is increased, the stage gain k,, first rises 
at a high rate, then its increase slows down on 
approaching yp. When a triode is used in a 
voltage amplifier, R, is chosen to be not more 
than 3 or 4 times r, because any further increase 
in R, would not lead to a marked increase in 
amplification. It must also be remembered that 
some of the direct voltage supplied by the anode 
source is lost across R,. When R, is too high, the 
anode voltage falls too much, and the tube is 
forced to operate within the tail of its characte- 
ristics where is low but r, is high (see 
Fig. 13-14). This leads to a reduced value of ky. 
In practice, it is usual to choose for triodes 


R, =(1 to 4)r, (14-42) 


in which case ky ranges from 0.5 to 0.8 of p. 


14-5 Graphical Analysis of Triode 
Performance at Load 


The graphical analysis of tube performance at 
load (that is, when a tube is operating as 
a voltage amplifier) is based on the /oad or 
dynamic characteristics that can be constructed 
on a family of static characteristics if we know 
the anode supply voltage E, and the load 
resistance R,. The simplest and most accurate 
way to do this is with the aid of what is called the 
load line. In order to construct it, one needs 
a family of anode characteristics (Fig. 14-13). 
The load line is described by the equation 


v, = £,—i,R, 


When v, is plotted as abscissa and i, as 
ordinate, this first-degree equation yields a 
straight line. It can conveniently be constructed 
by two points. Letting i, = 0 gives v, = £,, and 
this locates point M on the axis of abscissas. At 
this point, the tube is driven to cutoff by 
a negative grid voltage. If the tube is at cutoff, 
and there is no anode current flowing, no 
voltage drop can be produced across R,, and all 
of the E, supply voltage is applied to the 
tube. 

To locate the second point, we set v, = 0. This 


* Since the substitution in Eq. (14-41) results in 
an indeterminate form, oo/oo, the numerator and 
denominator must first be divided by R,. 
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yields i, = E,/R,. On the plot it appears as 
point N. Now we draw a straight line through 
points M and N; this is the load line. It is to be 
noted that point N does not represent any real 
operating conditions of the tube. At v, = 0, the 
anode current cannot be a maximum. 

Using the load line, we can find the anode 
current and the anode voltage at any grid 
voltage. As an example, Fig. 14-13 shows that 
at V,, the values of i, and v, are represented by 
point B. The intercept completing v, to E, 
represents the voltage drop across the load, vp. 
We can also find the grid voltage that corres- 
ponds to the desired anode current. 

The greater the value of R,, the smaller the 
slope of the load line. When R, = 0, the load line 
runs vertically (line MB’ in the drawing). This 
corresponds to operation at no-load when v, = 
= E, = const. It is seen from Fig. 14-13 that in 
operation at no-load and at a grid voltage V,;, 
the anode current is represented by point B’, 
while in operation at load it is smaller (point B) 
because the anode voltage is brought down by 
the voltage drop across the load, vg. At R, = 0, 
the load line merges with the axis of abscissas, 
and the anode current is zero at any value of 
voltage. 

In addition to the values of E, and R,, which 
are required in order to construct the load line, 
we need to know the grid bias E, and the peak 
value of the alternating component of grid 
voltage, V,,g. They may be specified or chosen 
from some considerations. For example, if the 
objective is to minimize signal distortion, then 
E, and V,, must be such that the tube is 
operating within the linear regions of the 
characteristics and with its grid drawing no 
current. Figure 14-14 shows the construction for 
a more general case of amplification with some 
distortion due to the nonlinear region of the 
characteristics. The bias voltage E, determines 
the position of the quiescent (Q) point on the 
characteristic, the quiescent plate voltage V,o, 
the quiescent direct anode current J), and the 
voltage drop across the load, Vp). The voltages 
may alternatively be found by the equations 


Vro = Tyo Ri 
and (14-43) 
Vio = E, — Veo 


Next we find the quiescent anode dissipation, 


Po, and check to see if it exceeds the respective 


a 
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Fig. 14-13 
Construction of the load line 
absolute maximum rating: 
Pao = La0Va0 < Pa max (14-44) 


The total power delivered by the anode 
supply source is 


Po = Exlyo 

and the d.c. power dissipated in the load is 
Pro = 1a0VRo 

or (14-45) 
Pro = Po — Pao 


The time axis of the alternating grid voltage is 
shown as an extension to the curve for v, = E,. 
As an example, we have taken V,,, = | E,|. The 
peak values of the positive and negative half- 
cycles of grid voltage correspond to the positive 
and negative peaks of grid voltage (in our case, 
to zero and V,;), which mark the end points, 
A and B, of the operating region. Since in the 
coordinate axes adopted there is no grid voltage 
axis drawn to a linear scale, this voltage may 
appear distorted in waveshape, that is, with its 
positive and negative peaks unequal. 

Points A and B mark the positive and nega- 
tive peak values of the pulsating anode current, 
i, max 2N i, min» Lhe waveform of anode current 
is plotted on the right of the figure. 

For distortionless amplification 


1 Pell = Toe = es 
and (14-46) 
Leavy > To 


If, on the other hand, the tube is operating 
within the nonlinear regions of the characteris- 
tic, the positive half-cycle is amplified more than 
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Fig. 14-14 
Graphical analysis of triode operation under dynamic conditions (at load) 


the negative half-cycle: 
tes sy Gee (14-47) 


Then the amplitude of the useful fundamental is 


Ina © (Ig + 1,)/2 (14-48) 
or 
| Ba a (i, max so iy min)/2 (14-49) 


The amplitude of the second harmonic is 


Dad = (ee ee Tja)/4 (14-50) 
or 
Tinga (baimax. + lo min 2la9) (4 (14-51) 


The harmonic ratio can approximately be 
found by considering only the second harmonic 


ky = Tina2/T ma (14-52) 
Since the positive half-cycle is greater in 
magnitude than the negative half-cycle, the 
direct component of anode current, I, ay, eX- 
ceeds the quiescent current I). The incremental 
change in direct anode current, AJ,, is numeri- 
cally equal to the amplitude of the second 
harmonic. Hence, 
I, av > Tao F Al, oa Ci max + iy min + 21 40)/4 
(14-53) 


The change in the direct anode current secon- 
dary to a transition from the quiescent (no- 
signal) state to the ‘with-signal’ mode is an 
indication of nonlinear distortion. No nonlinear 
distortion exists when the milliammeter mea- 


suring the direct component of anode current 
gives the same reading in the presence and the 
absence of an alternating (signal) voltage at the 
grid. Conversely, nonlinear distortion does exist 
if the milliammeter gives an increased reading 
when an alternating (signal) current is applied to 
the grid. 

After I,,, and I,,, have been found, the 
following quantities can be determined: 
— the amplified (output) voltage 


Vi, out = Ver = Ving = Ima Re (14-54) 

— the stage voltage gain 

ky = Vinal Ving (14-55) 
the useful (output) power 

Pei laid 2 (14-56) 


— the power fed by the anode supply source 
Pow = Ia aE, (14-57) 
~ the anode-circuit efficiency of the stage 

1 = Pout/Po av (14-58) 


Referring to the anode voltage waveform 
located below the characteristic curves in Fig. 
14-14, it is seen that there is a phase difference of 
180° between the alternating grid and anode 
voltages. A positive half-cycle of grid voltage 
corresponds to a negative half-cycle of anode 
voltage, and vice versa. This plot also shows 
variations in the load voltage, vp, as counted 
from the vertical line representing v, = E,. It is 
seen that v, varies in anti-phase with va. 
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Owing to the tube nonlinearity, the positive 
and the negative half-cycles of the alternating 
anode voltage differ in amplitude, Vii, 4 Vi1,. If 
we know current harmonics, we can multiply 
them by R, and obtain anode voltage har- 
monics. 

The useful power is represented by a right 
triangle, ABC, whose hypotenuse AB bounds 
the operating region of the stage. When drawn 
to appropriate scales, its sides give twice the 
peak values of anode current, /,,,, and of anode 
voltage, V,,,. In consequence, the area of the 
triangle is equal to four times the useful power. 

If the load placed in the anode circuit of a tube 
is a resonant tank circuit or a transformer, the 
stage curves, including its load line, should be 
constructed in a different way, that is, as for 
transistor stages using resonant circuits and 
transformer coupling (see Sec. 6-1). 


14-6 The Vacuum Triode as an Oscillator 


A vacuum triode can be used as an oscillator. 
The circuit of an elementary sinewave oscillator 
using inductive feedback is shown in Fig. 14-15. 
It is convenient to treat this oscillator as an 
amplifier of its own oscillations originally pro- 
duced in its resonant LC-circuit. 

When the anode supply is turned on, free 
oscillations are produced in the LC-circuit. The 
alternating voltage existing across the resonant 
circuit is coupled back to the grid over a 
feedback coil, Ly,, and is amplified by the tube. If 
positive feedback is used, an amplified voltage is 
produced across the LC-circuit and sustains its 
oscillations. For these oscillations to be undam- 
ped (that is, for the oscillations to be self- 
sustaining), two conditions must be satisfied. 
Firstly, the feedback coil must be connected so 
that there is a phase difference of 180° between 
the alternating voltages at the anode and the 
grid. Secondly, the feedback factor defined as the 
ratio between the alternating grid and tank- 
circuit voltages, kp,, must be not less than the 
reciprocal of the stage voltage gain k,: 


key > 1/ky (14-59) 
On substituting for ky from Eq. (14-41), we 

get 

key 2 (Ri + 7)/MRy = 1/ + 1/GmR (14-60) 


where R, is the load resistance at resonance. 
As is seen, the increase in ky, pt, g,, and R, calls 
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Fig. 14-15 
Triode oscillator using inductive feedback 


for a smaller value of kr, needed for oscillations 
to sustain themselves. 

The components R, and C, are included to 
derive a self-bias voltage from the grid current. 
This grid bias exists only when the stage is 
generating oscillations. As long as no oscilla- 
tions are produced, there is no grid current 
flowing, and the self-bias voltage is nil. When an 
alternating voltage is applied to the grid, its 
positive half-cycles give rise to a pulsating grid 
current. Its direct component produces across 
R, a voltage drop which acts as the bias voltage. 
The capacitor C, serves to reduce the ripple in 
this voltage. This bias scheme enhances the 
stability of oscillator operation. 


14-7 The Interelectrode Capacitances 
of a Vacuum Triode 


The performance of a vacuum triode is mar- 
kedly affected by its interelectrode capacitances 
whose magnitude depends on the design and 
operating conditions of the tube. Their effect is 
stronger at higher frequencies. 

There are three interelectrode capacitances 
associated with the vacuum triode. In circuit 
diagrams they are shown by capacitor symbols 
drawn in dashed lines as in Fig. 14-l6a. The 
grid-to-cathode capacitance, C,,, is sometimes 
called the input capacitance; the anode-to- 
cathode capacitance, C,,, is the output capa- 
citance; and the anode-to-grid capacitance, Cyg, 
is the transfer capacitance. For low- and me- 
dium-power tubes, these capacitances usually 
run into units of picofarads. The figures quoted 
in tube manuals include both the interelectrode 
and the interlead capacitances. There is always 
a spread in magnitude between the interelectro- 
de capacitances of individual tubes of the same 
type. 

Let us see how these capacitances affect the 
performance of the vacuum triode. 
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Fig. 14-16 


Triode amplifier stage: (a) interelectrode capacitances and (b) a complete equivalent circuit 
incorporating all interelectrode capacitances 


With a sufficiently high grid bias, it would 
seem that the grid should draw no current. 
Owing to the input capacitance C,,, however, 
a capacitive current exists in the grid circuit. 
Thus, the input capacitance loads the signal 
source, SS. This capacitive current produces a 
voltage drop across the internal resistance R,, of 
the signal source. As a result, there is a decrease 
in the useful voltage across the signal-source 
terminals or, which is the same, across the tube 
input, and also in the alternating anode current, 
the amplified alternating anode voltage, and the 
useful output power. As we move to higher 
frequency, the reactance of the input capaci- 
tance decreases, the grid draws a progressively 
larger current, and the voltage drop across 
Ryg increases. 

This effect is not noticeable at low frequencies. 
At high frequencies, however, it may appreciab- 
ly degrade the efficiency of an amplifier stage. 
The effect of C,, may only be neglected at 
frequencies where the reactance 1/wC,, is many 
times R,,. Let, for example, R,, = 100 kQ and 
Cex = 10 pF. Then at a frequency of 500 Hz, 
1/@Cg, = 32 MQ. This reactance is equivalent 
in its effect to an open circuit. If, however, we 
raise the frequency to 5 MHz, that is, by a factor 
of 10*, the reactance presented by the input 
capacitance will be 3.2 kQ. It wll heavily load the 
signal source, and its voltage will be brought 
down drastically. 

The anode-to-cathode, or output, capaci- 
tance C,, shunts the stage load. This is clearly 
seen from reference to the stage equivalent 
circuit in Fig. 14-165 where all of the intere- 
lectrode capacitances are taken care of. The tube 
is replaced by an equivalent constant-voltage 
generator (the Thévenin equivalent), which 
generates an emf equal to pV, and has an 


internal resistance R;. It operates into a load z, 
made up of a parallel connection of R, and C,,. 
At low frequencies, 1/@C,, is many times R,, so 
it is legitimate to think of the load impedance as 
consisting solely of R,. At high frequencies, 
however, 1/wC,, may be of the same order of 
magnitude as R, or even smaller. The load 
impedance z, will be less than R,, and this will 
reduce the stage gain. The greater the value of 
R,, the stronger the shunting effect of the tube’s 
output capacitance, and the lower the frequen- 
cies at which this effect is felt. 

At high frequencies, C,, produces a further 
phase shift in the output voltage. This is of no 
consequence in a.f. amplifiers, but it is entirely 
intolerable for TV and some other signals. 

In stages loaded by a tank circuit (such as in 
r.f. amplifiers and oscillators), C,, is part of the 
tank circuit and is lumped with the tank-circuit 
capacitance. Therefore, in designing such a 
stage, the actual capacitor is chosen to be 
smaller by an amount equal to C,,. At very high 
frequencies, it may prove that the tank-circuit 
capacitance must be smaller than C,,. Such 
a tank cannot be built. If there is a resonant 
circuit in the grid lead, the input capacitance of 
the tube is lumped with the grid tank-circuit 
capacitance. 

Because of the spread in interelectrode capa- 
citances among the tubes of the same type, 
a tube change may upset the tuning of the tank 
circuit. 

The ability of a tube to be used over a wide 
range of frequencies with an equal performance 
is usually stated in terms of its bandwidth factor, 
y, defined as the ratio of the tube’s transconduc- 
tance to the sum of its input and output 
capacitances: 


o fad Im! (Ce Bn Cax) (14-61) 
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The greater the value of y, the better the tube. 
Good tubes have a bandwidth factor of 1-3 mA 
V~! pF. The value of y can mostly be 
improved by raising the tube’s transconduc- 
tance because its interelectrode capacitances 
cannot be reduced by a substantial amount. 
The anode-to-grid, or transfer, capacitance 
Cag is the worst offender of all. As follows from 
the circuit of Fig. 14-16, the capacitive current 
T,, which loads the signal source SS is equal to 
the sum of the capacitive currents I,,¢, aNd J jag 
flowing through C,, and C,,, respectively: 


lew Th ede (14-62) 


This is an approximate equality because I, is 

not purely capacitive owing to the presence of 

the resistances R, and R;. The currents must be 

added vectorially rather than arithmetically. 
By Ohm’s law, 


Ingk = Vng®C ox 


and (14-63) 


Dag <7 mag®Cag 


where V,,a¢ is the peak value (amplitude) of the 
anode-to-grid voltage. 

When a tube is operating into a resistive load, 
the alternating grid and anode voltages, V,,. and 
Via are 180° out of phase with each other, and 
Vag 1S equal to the sum of these two voltages 


Vnag 7 Ving a, ( i Vea) - Ving an Ve (14-64) 
On taking V,,, out of the brackets, we get 
Vung = Ving (1 + Vina! Ving) 


= Vag (1 + ky) (14-65) 
Hence, 
In = Ving®Cgx + Ving®Cag (1 + ky) 
= Ving® [Cok + Cag (1 + ky )] (14-66) 


The expression in the square brackets gives the 
input capacitance of an amplifier stage built 
around a vacuum triode in the ‘with-signal’ 
state: 

Giss = Ce + Cag (1 + ky) (14-67) 


At no-load (in the ‘no-signal’ condition), k, =0 
and the input capacitance of an amplifier stage is 


Cin = Cox + Cag (14-68) 


Thus, the input capacitance of an amplifier 
stage at load (the ‘with-signal’ condition) is 
many times the figure at no-load (the ‘no-signal’ 
condition). For example, if C., = 5 pF, Cag = 3 
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pF and k, = 40, then at no-load (the ‘no-signal’ 
condition): 


Cin =5+3=8 pF 
and at load (the ‘with-signal’ condition): 
Cins = 5 + 3(1 + 40) = 128 pF 


Thus, there is a 16-fold increase in capaci- 
tance. 

A further detrimental effect of Cy, consists in 
that it transfers some of the signal current into 
the anode circuit. Hence, its name ‘transfer 
capacitance’. In some applications the signal 
source is operating continuously while the tube 
is driven to cutoff at regular intervals during 
which there must be no alternating anode 
current flowing. Due to C,,, however, some 
current finds its way from the signal source to R;, 
even when the tube is at cutoff. 

A third effect of the transfer capacitance is 
especially troublesome-—it consists in feedback 
from the anode to the grid circuit via C,,. The 
amplified oscillations find their way via Cag 
from the anode circuit back to the grid circuit. It 
is seen from Fig. 14-165 that the alternating 
current supplied by the equivalent generator 
which replaces the tube goes not only to R,, but 
also via Cy, into the grid circuit. This current 
produces across the grid-cathode space a feed- 
back voltage which is added to that supplied by 
the signal source SS. 

It may be said that across the anode-cathode 
space the output voltage is applied to a divider 
consisting of Cy, and the grid-cathode space. 
Some of the voltage existing across this portion 
of the circuit is a feedback voltage. Its magnitude 
is different, depending on the relative magni- 
tudes of the resistances presented by these 
portions of the circuit. At higher frequencies, Cag 
decreases and the feedback voltage is increased. 
In the case of positive feedback, this may lead to 
the generation of spurious oscillations. When, 
however, a stage intended to operate as an 
amplifier turns into an oscillator, this is an 
indication that the operation of the stage has 
completely been dislocated. The generation of 
oscillations due to feedback via C,, comes about 
readily in stages whose anode and grid leads 
contain resonant circuits. This is the reason why 
instead of triodes, r. f. amplifiers use tetrodes and 
pentodes in which the detrimental effect of the 
transfer capacitance is suppressed (see Chap. 
15). 
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14-8 Common-Grid and Common-Anode 
Stages 


So far, we have dealt with the common- 
cathode amplifier stage widely used in many 
applications. Sometimes, however, resort is 
made to common-grid and common-anode stages. 

The circuit of a common-grid amplifier stage 
is shown in Fig. 14-17. It has several special 
features that deserve mention. There is no 
current amplification (k, = 1), and so kp = ky. 
A disadvantage of this circuit is that it has a low 
input resistance because the input current is the 
cathode current. R;, is approximately equal to 
1/g,- For example, if g,=5 mA V~', then 
R,, = 1/5 = 0.2 kQ. The control grid doubles as 
a screen grid. Because of this, C,, which acts asa 
transfer capacitance is very small in magnitude. 
For this reason, the common-grid stage is 
especially suitable for operation at microwave 
frequencies. 

The circuit of a common-anode stage is 
shown in Fig. 14-18. Alternatively, it is known 
as the cathode follower because its load R,, is 
placed in the cathode lead and the output 
voltage follows the input voltage very closely in 
both magnitude and phase. This circuit does not 
supply voltage amplification (ky +1) but cur- 
rent amplification is considerable, so kp x k,. 
An advantage’ of this circuit is its low input 
capacitance. The common-anode stage has a 
very stable gain and produces negligible distor- 
tion in the amplified signal. These advantages 
are due to a large amount of negative feedback 
(key = 1). All of the output voltage is passed 
back to the input. Cathode followers are especi- 
ally often used in pulse circuitry because they do 
not practically distort the waveform of the 
amplified pulses. 


14-9 Limitations of the Vacuum Triode 


The vacuum triode is prone to three major 
limitations. Firstly, it cannot combine a high 
amplification factor with a large cutoff voltage. 
If, in an attempt to secure a high value of p, we 
build a triode with a very short-pitch grid, it will 
be driven to cutoff by a very small negative grid 
voltage. For example, if » = 1000, then at 
V, = 250 V the grid cutoff voltage will be as 
small as 


Veco = — V,/p = — 250/1000 = — 0.25 V 
(14-69) 
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Fig. 14-18 
Common-anode amplifier stage (cathode follower) 


In this case, nearly all of the anode-grid charac- 
teristic will lie within the region of positive grid 
voltages. Such a tube will obviously draw a 
heavy grid current in operation. If we wished to 
shift the anode-grid characteristic of this tube to 
the left (that is, into the region of negative grid 
voltages), we would have to make its anode 
voltage prohibitively high. For example, if we 
wished that at p = 1000 the cutoff voltage were 
— 5 V, we would have to set the anode voltage at 


V, = — pVe eo = — 1000 x (— 5) = 5000 V 


This is the reason why vacuum triodes are built 
with an amplification factor of not over 100. For 
a distortion-free amplification of strong a.f. 
signals, vacuum triodes should have a low 
amplification factor so that their anode-grid 
curves could lie within the region of negative 
grid voltages. 

A second limitation is that the a.c. anode 
resistance, r,, of a vacuum triode is relatively 
small. In r. f. amplifiers containing tank circuits, 
the a.c. anode resistance of the tube shunts the 
anode tank (see Fig. 14-12), thereby impairing 
its resonant properties and Q-factor. The smal- 
ler the value of r,, the stronger it shunts the tank 
circuit and the greater it impairs the perfor- 
mance of the tank circuit. This is the reason why 
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tubes for r.f. amplifiers have to have a high a.c. 
anode resistance r,. 

The third limitation of the vacuum triode is its 
relatively high transfer capacitance Cy,. Its 
detrimental effect has been discussed earlier. 

The limitations of the vacuum triode can be 
eliminated almost completely by adding a se- 
cond grid. This will be discussed in more detail 
in Chap. 15. 


14-10 Basic Types of Receiving-Amplifying 
Vacuum Triodes 


Most often, vacuum triodes are built to 
handle small amounts of power and are used for 
a.f. amplification and detection. Many vacuum 
triodes are used as oscillators and r. f. amplifiers 
set up in configurations capable of minimizing 
the effect of the transfer capacitance (an example 
is the common-grid circuit). Wide use is made of 
dual triodes. There is a special group of what are 
known as feed-through triodes intended mainly 
for use in electronic voltage stabilizers. Typical- 
ly, they have a low a.c. anode resistance, a small 
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amplification factor, but a high transconduc- 
tance. Electronic voltage stabilizers also use H. V. 
feed-through triodes with a very small transcon- 
ductance and very high values of p and r,. 

A good deal of time and effort has been put 
into the improvement of tube’s transconduc- 
tance. This parameter is pivotal in applications 
where it is essential to produce an undistorted 
amplified signal, such as TV, radar, and auto- 
matic process control. One way to improve the 
transconductance of a tube is to reduce its 
grid-to-cathode spacing. The transconductance 
is inversely proportional to the square of this 
distance. The point is that the potential barrier 
is located very closely to the cathode. For an 
effective control of the electron stream, the grid 
must be placed as near the potential barrier as 
practicable. Improvements in tube manufacture 
have made it possible to build tubes in which the 
grid-to-cathode spacing is a few tens of micro- 
metres. The grid is made of wires 7-10 ttm in 
diameter and spaced very closely apart so as to 
minimize the island effect. The transconduc- 
tance of these tubes is several tens of milliam- 
peres per volt. 


Chapter Fifteen 
Tetrodes, Pentodes and Miscellaneous Tubes 


15-1 The Vacuum Tetrode 


A vacuum tetrode is a tube which has a second, or 
screen, grid. It is a mesh of fine wire placed 
between the control grid and the anode. The 
screen grid serves a three-fold purpose: it impro- 
ves the amplification factor 1 of the tube, 
increases its a.c. anode resistance r,, and 
minimizes its transfer capacitance Cag. 

The quantities associated with the first, or 
control, grid, have the subscript ‘gl’, and the 
quantities related to the second, or screen, grid, 
have the subscript ‘g2’. 

If the screen grid is connected to the cathode, 
it shields both the cathode and the control grid 
against the action of the anode. The screen grid 
intercepts the greater proportion of the electric 
field set up by the anode. Only a tiny fraction of 
the electric-field flux originating at the anode is 
able to pass through the screen grid. How much 


the screen grid weakens the electric field of the 
anode is expressed in terms of the screen-grid 
penetration factor D). 

The electric flux breaking through the screen 
grid is then intercepted by the control grid so 
that only a fraction of the original flux goes 
through. The extent to which the control grid 
attenuates the electric field depends on the 
control-grid penetration factor D,. In the final 
analysis, only an extremely tiny proportion of 
the original electric flux produced by the anode 
is able to pass through the two grids and to 
reach the potential barrier at the cathode. 
Quantitatively, it is stated in terms of the tetrode 
penetration factor D defined as the product of the 
screen-grid and control-grid penetrations: 


D=D,D, (15-1) 


The tetrode penetration factor tells how much 
weaker the anode voltage is in its effect on the 
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cathode current than the control-grid voltage. 
For example, if D=0.01 this means that a 
change of | volt in anode voltage produces on 
the cathode current an effect which is one- 
hundredth of the effect produced by the same 
change in grid voltage. In other words, the effect 
produced on the cathode current by an anode 
voltage of 1 volt is equivalent to the effect 
produced by a control-grid voltage of 0.01 volt. 
Approximately, the penetration factor is the 
reciprocal of a tube’s amplification factor (see 
p. 168): 
ux 1/D = 1/D,D, (15-2) 


If the screen grid lets through 2% of the total 
electric flux originating at the anode and the 
control grid lets through a mere 10% of the 
remaining flux, the cathode will see only 0.2% of 
the original electric flux. All in all, the action of 
the anode on the potential barrier at the cathode 
is weakened by a factor of 500. That is, the 
amplification factor of the tube is about 500. 

The amplification factor of vacuum tetrodes 
may be as high as several hundred, and the a.c. 
anode resistance may be several hundred 
kilohms. 

To sum up, using two grids with a moderately 
short pitch, we can assure a high amplification 
factor and a large a.c. anode resistance. Also, by 
applying an appreciable positive voltage to the 
screen grid, we can shift the anode-grid charac- 
teristics into the region of negative grid voltages. 
How this comes about will be clear from the 
discussion that follows. 

To begin with, we will examine the equivalent 
voltage of a tetrode. It is ‘equivalent’ in the sense 
that its effect is equal to that produced by the 
joint action of the anode, screen-grid and con- 
trol-grid voltages. This equivalent (or composite) 
voltage, V.qg, is assumed to be applied across an 
equivalent diode taking the place of the control 
grid. By analogy with the vacuum triode we may 
write 


Veg © Var + Dy Vz2 + DiDiV, (15-3) 


Equation (15-3) shows that the action of the 
screen grid is solely weakened by the control 
grid (V,, is multiplied by D,), while the action of 
the anode is weakened by both grids (V, is 
multiplied by D,D,). 

Now we are able to write the three-halves 
power law for the vacuum tetrode: 


i, = kV32 (15-4) 
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where k, or the perveance, is a function of the 
electrode geometry as is the case with the 
vacuum triode. 

The cathode current in a tetrode is the sum of 
the anode, screen-grid and control-grid cur- 
rents: 


(15-5) 


When the control grid is held at a negative 
potential, ig, = 0 and 


L =i, t+ Igo + Igy 


(15-6) 


The screen grid is held at a positive direct 
voltage which is equal to 20-50% of anode 
voltage. This voltage brings down the potential 
barrier at the cathode, so that electrons could 
travel towards the anode. Because of the two 
intervening grids, the anode has but a very weak 
influence on the potential barrier near the 
cathode. When the screen-grid voltage is zero 
and the control grid is held at a negative 
potential, a retarding field appears in the control 
grid-cathode space. The equivalent voltage is 
thus negative and the potential barrier at the 
cathode is so high that electrons cannot climb 
over it. In consequence, when V2 = 0, the tube 
is at cutoff, and its anode current is zero. Let, for 
example, V,, = — 3 V, V,, = 0, V, = 300 V, and 
D = 0.002. Then, 


Veg = —3 4+ 0.002 x 300 = — 24 V 


The screen-grid current i,, is constituted by 
electrons which are able to reach this grid. 
Under normal operating conditions when the 
anode voltage is higher than the screen-grid 
voltage, i,, is a small fraction of anode current 
because the majority of electrons move through 
the screen grid at a high velocity. 

The term D,D,V, in Eq. (15-3) may be neg- 
lected because D,D, « |. Therefore, 

Veq © Vz, + Di Vip (15-7) 


For the tube to be driven to cutoff, the 
equivalent (composite) voltage must be zero, 
V.q = 0. Then, i, = 0. The voltage that must 
exist at the grid of a tetrode in order to drive it to 
cutoff can be found from Eq. (15-7): 


Ve1co © — DV. 


Kk = Ig + Igo 


(15-8) 


Because the wires of the control grid are 
spaced widely apart and V,, is rather high, it 
follows that the cutoff voltage must be high — 
this means that the anode-grid characteristics of 
the tetrode are shifted into the region of negative 


Ch. 15. Tetrodes, Pentodes 


grid voltages. For example, if D, = 0.1, D, = 
= 0.02 and V, = 250 V, then at V2 = 100 V, 


Visco = — 0.1 x 100 = —10V 


gico 
In view of the effect produced by the anode, 
we get 


Verco = — 0.1 x 100 — 0.002 x 250 = — 10.5 V 
In this case, an appreciable portion of the 
anode-grid characteristic in the range 0 to 
— 10 V lies within the region of negative grid 
voltages. For a triode with D = 0.002 and V, = 
= 250 V, we will have Vy o9 = — 0.5 V which 
means that the characteristic of the triode will lie 
in the region of positive grid voltages. 

How the screen grid serves to reduce C,,, can 
be elucidated by reference to the simplified 
equivalent circuit of Fig. 15-1. The supply vol- 
tage sources are omitted because the equivalent 
circuit has solely been drawn up for the capa- 
citive alternating current. If there were no screen 
grid, the grid and anode circuits would be 
coupled by the transfer capacitance Cy,,. In the 
presence of the screen grid G, connected to the 
cathode, the capacitive current produced by the 
signal source may take any one of two paths. 
One runs from G, via the wire connecting G, to 
the cathode and back to the signal source. The 
other runs from G, via the screen grid-to-anode 
capacitance and the load resistance R, back to 
the signal source. The second path presents an 
opposition which is many times that presented 
by the first. For this reason, nearly all of the 
capacitive current i, chooses the first path. In 
this way, the capacitive coupling between the 
grid and anode circuits is all but eliminated. 

The reduction in the transfer capacitance may 
be interpreted in a different way. The charges at 
the anode and control grid interact via an 
electric field. In a tetrode, the screen grid 
intercepts the greater proportion of the electric 
flux produced by the charge on the anode. The 
field that couples the charges on the anode and 
control grid is greatly reduced, and this means 
that the capacitance between these two electro- 
des is drastically reduced. For example, if the 
screen grid lets through a mere 2% of the flux 
originating at the anode, the interaction be- 
tween the charges on the anode and control grid 
will be weakened by a factor of 50, and C,,, will 
be reduced likewise by a factor of 50. 

The transfer capacitance of a tetrode is redu- 
ced in about the same proportion as the tube’s 
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G 


Fig. 15-1 


Equivalent circuit illustrating reduction in transfer 
capacitance by the screen grid 


Fig. 15-2 


Tetrode: (/) shield; (2) screen grid; (3) anode; (4) control 
grid; (5) cathode; (6) shield; (7) anode lead 


amplification factor is increased. When the 
screen grid is wound with a short pitch, it 
reduces the transfer capacitance to a greater 
extent than when it is wound with its wires 
spaced wider apart. 

Some of the transfer capacitance still does 
remain because a fraction of the original electric 
flux originating at the anode reaches the control 
grid in a round-about way rather than directly 
through the screen grid. It can be eliminated or, 
at least, minimized by placing a solid metal 
shield to intercept the remaining flux. A tetrode 
built along such lines, with its anode cut out in 
part, is shown in Fig. 15-2. 

A transfer capacitance also exists between the 
anode leads and the control-grid leads. One way 
to reduce it is to space the leads wider apart and 
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to put in another shield between them. The 
anode leads can be carried to the top of the tube 
envelope and the control-grid leads to the tube 
base (or the other way around). The anode 
circuit can additionally be shielded from the grid 
circuit outside the tube. The control-grid lead 
can be enclosed in a shielding sleeve, and the 
elements of the two circuits (anode and control- 
grid) can further be isolated from one another by 
shielding. 


15-2 Secondary Electron Emission in the 
Vacuum Tetrode 


A major limitation of the vacuum tetrode is 
that it is strongly influenced by the secondary- 
electron interchange between the anode and the 
screen grid, known as the dynatron effect in the 
Soviet literature of the subject. The electrons 
striking the anode knock secondary electrons 
out of it. This secondary electron emission from 
the anode exists in all tubes, but it does not give 
rise to any detrimental consequences in the 
diode or the triode. In them, the secondary 
electrons leaving the anode fall back because the 
anode is more positive, so there is no current 
flowing due to secondary electrons. 

In a tetrode, secondary electron emission 
from the anode does not manifest itself as long as 
the screen grid is held at a lower potential than 
is the anode because the secondary electrons 
return to the anode. Ifin the dynamic operation, 
when a tetrode is operating at load (in the 
‘with-signal’ condition), an increase in anode 
current may cause the anode to become during 
certain time intervals less positive than the 
screen grid to which a direct voltage is applied. 
Then the secondary electrons emitted by the 
anode will be attracted by the screen grid, giving 
rise to a secondary-electron current opposite in 
direction to the primary-electron current. The 
total anode current is reduced and the screen- 
grid current is increased. This is the consequence 
of what we have referred to as the dynatron 
effect. Figure 15-3 shows the electron streams 
corresponding to the current i,, constituted by 
the primary electrons reaching the anode, the 
screen-grid current i,,, constituted by primary 
electrons, and the secondary-electron current i,, 
travelling from the anode to the screen grid. The 
resultant anode and screen-grid currents are 
given by 


fg = lar — Un 
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Fig. 15-3 


Currents in a tetrode in the presence of secondary 
emission 


| I tl | Ill | IV 


Anode, screen-grid and cathode characteristics of 
a tetrode 


and (15-9) 


ig wr igor + iy 

If the secondary-emission ratio is more than 
unity, /,; may exceed /,,, and the anode current 
will become negative. 

The dynatron effect ought not to be construed 
as to be due solely to secondary electron emis- 
sion. Secondary electron emission is just a 
necessary, but not a sufficient condition for the 
dynatron effect to take place. Another necessary 
condition is that the anode must be at a lower 
potential than the screen grid. If secondary 
emission occurs but the second condition is not 
satisfied, no dynatron effect will take place. 

The dynatron effect markedly affects the 
anode characteristics of tetrodes. Figure 15-4 
shows plots of a tetrode’s anode current, screen- 
grid current and cathode current as functions of 
anode voltage, with the control and screen grids 
held at constant potentials. 

As is seen, four regions may be noted in the 
anode characteristics of a tetrode. Region / 
corresponds to low anode voltages (10-20 V). 
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No secondary electrons are emitted from the 
anode because the primary electrons are travel- 
ling at a low velocity. As the anode voltage is 
raised, there is an abrupt rise in anode current 
and a reduction in the screen-grid current (the 
fall-back mode). The anode voltage has a negli- 
gible effect on the cathode current because the 
electric field set up by the anode acts on the 
potential barrier at the cathode through the two 
grids. Therefore, the cathode current changes 
only slightly. 

When the anode voltage rises above 10-20 V, 
secondary emission takes place, and the dyna- 
tron effect occurs. As the anode voltage is raised 
still more, a progressively greater number of 
secondary electrons are emitted, the anode 
current falls, and the screen-grid current rises 
(region JJ). With a heavy secondary emission, 
point B may be located below the axis of 
abscissas. The dynatron effect ceases when v, = 
= U,5, that is, it occurs within regions IJ and [I] 
of the anode characteristic. 

When the anode voltage exceeds the screen- 
grid voltage (region IV), there occurs a small rise 
in anode current and a small fall in the screen- 
grid current. Secondary emission does exist 
within this region, but all of the secondary 
electrons return to the anode, and no dynatron 
effect is observed. Tetrodes are usually operated 
within region IV where large changes in anode 
voltage bring about negligible changes in anode 
current. This means that within region IV 
a tetrode has high values of p and r,. It ought not 
to be construed that the quietly sloping curves 
within this region is an indication of saturation 
(or a temperature-limited condition). Rather, 
the current is limited by the potential barrier 
that exists at the cathode. 

The characteristic has a down-sloping ‘kink’, 
AB, within which the tetrode has a negative a. c. 
plate resistance because a positive change in 
anode voltage, Av,, gives rise to a negative 
change in anode current, Ai,: 


ra ap = Av,/Ai, <0 (15-10) 


A negative-resistance device can operate as an 
oscillator. This is also true of the tetrode—it is 
able to generate an alternating current within 
the down-sloping kink of its characteristic. 

The dynatron effect is an undesirable feature 
of tetrodes. The strong nonlinearity of its anode 
characteristics gives rise to heavy nonlinear 
distortion in the amplified signal. Nor is it an 
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advantage when the screen-grid current exceeds 
the useful anode current. Also, the tube may 
generate unwanted, stray oscillations. One way 
to avoid the dynatron effect is to hold the screen 
grid at a potential which is always lower than 
that at the anode (it is usually 20-50% of anode 
voltage). 


15-3 The Pentode 


The pentode came as a further step in the 
development of vacuum tubes, following the 
advent of the tetrode. It has the advantages of 
the tetrode and is free from the dynatron effect. 

The pentode, as its name implies, is a five- 
element tube. It is like a screen-grid tetrode with 
one more grid added between the screen grid 
and the anode. The additional grid is called the 
suppressor grid for the reason that it suppresses 
secondary electron emission. Sometimes it is 
referred to as the third grid, G3, and the quanti- 
ties associated with it are usually given the 
subscript ‘g3’. ; 

As a rule, the suppressor grid is connected to 
the cathode which means that it is held at zero 
potential with respect to the cathode and a 
negative potential with respect to the anode. In 
some circuits, a small positive or negative 
voltage may be applied to the suppressor grid. 
In such a case, however, its potential is below 
that of the anode, and the dynatron effect 
persists. In our further discussion it will be 
assumed that v,, = 0. In many pentodes, the 
suppressor grid is connected to the cathode 
inside the envelope. If so, the suppressor-grid 
voltage is always zero. The action of the sup- 
pressor grid consists in that the electric field set 
up between the grid and anode first retards, then 
brings to a stop, and finally drives back to the 
anode all the secondary electrons knocked out 
of it. The electrons are unable to reach the screen 
grid, and the dynatron effect is thus suppressed. 

The electrons travelling from the cathode see 
a retarding field between the screen and suppres- 
sor grids, and it would seem that such a field 
should cause a fall in anode current. Actually, 
the electrons brought up to a high velocity by 
the screen grid are able to reach the suppressor 
grid without losing their speed because there is a 
positive rather than a negative potential diffe- 
rence between the suppressor-grid wires. Figure 
15-5 shows the potential profile in the screen 
grid-anode space of a pentode. As an example, it 


204 


is assumed that Vio = 200 V, Vas = 0, and 
V, = 100 V. The suppressor-grid wires are at 
zero potential, and the potential between the 
wires is positive but lower than it is at the anode 
(+ 50 V). The potential distribution curve, /, 
along line BC which passes through a suppres- 


sor-grid wire, and the potential distribution 


curve, 2, along line DE which passes midway 
between two adjacent suppressor-grid wires, 
show that there is a second potential barrier 
over which the secondary electrons knocked out 
of the anode cannot climb. 

Pentodes have a higher amplification factor 
which runs sometimes into several thousand. 
This is because the suppressor grid acts as an 
additional screen grid. The a. c. anode resistance 
is likewise greater, being sometimes of the order 
of several megohms. The transfer capacitance is 
smaller than it is in tetrodes. The transcon- 
ductance of pentodes is about the same as in 
triodes and tetrodes, that is, anywhere between 
1 and 50 mA V"?. 

The equivalent (composite) voltage of a pen- 
tode is given by 
Veq © Vgy + Div, + D,Dyvg3 + eae i 


Hence, the penetration factor of a pentode is 
D=D,D3D, (15-12) 


and is very small. 

Because D is small and the third term is either 
zero ifv,, = 0, or very small because D,D, «< 1, 
it follows that the equivalent and cutoff voltages 
are defined similarly to the same quantities for 
tetrodes: 


Veg © Vg, + Dy vg, 


and (15-13) 


Vet co ¥ — D,v,> 


The anode-grid characteristics of pentodes 
are similar to those of tetrodes, that is, they lie in 
the region of negative grid voltages. 

The three-halves power law for a pentode has 
the form 


i, = kvl? (15-14) 


eq 
where the cathode current is 
(15-15) 
When the control grid is held negative, i,, = 


= 0. The suppressor-grid current i,, has to be 
taken into account only when v,, > 0. There- 


iy = 1, + ig + bgo + igg 
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Fig, 15-5 


Potential diagram for the anode-screen grid space of 
a pentode 


fore, the cathode current is in most cases the sum 
of two currents, as it is in a tetrode: 


(15-16) 


Sometimes, the suppressor grid is utilized as 
a second control grid. Also, a pentode can be 
used to do the job of two tubes. Then, one stage 
will use the triode section of a pentode (its 
cathode and the control and screen grids), and 
another stage will use all of the pentode. 


kL =i, + 1g2 


15-4 Current Division in the Pentode 


Current division in a pentode may be descri- 
bed in terms of the current division ratio k,, 
defined as the ratio between the anode current 
and the cathode current. If i,, = 0 and i,, = 0, 
then 


ke = ig/(ig + ig2) (15-17) 


The value of k, depends on the pentode design 
and the ratio v,/v,,. If v, = 0, then i, = 0, and 
k, = 0. All of the electrons that constitute the 
cathode current will then be collected by the 
screen grid. This happens due to the interception 
of electrons by the screen grid and the return of 
the electrons that move past the grid but are 
unable to overcome the retarding field in the 
screen grid-anode space. 

In the fall-back mode, a change in v, or v,, 
brings about a change in the height of the second 
potential barrier, and this leads to a marked 
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Fig. 15-6 


Screen-grid supply circuit: (a) via a swamping resistor 
and (6) from a divider 


changes in i,, ig and the current division ratio 
k,. For example, a rise in v, entails a fall in the 
potential barrier, and many of the electrons that 
move past the screen grid do not go back any 
longer but keep moving on until they are 
collected by the anode. The anode current rises, 
the screen-grid current falls, and k, increases. 
The second potential barrier is located near the 
suppressor grid and is subjected to a strong 
influence from the anode so that its height varies 
appreciably even when the anode voltage 
changes only slightly. Therefore in the fall-back 
mode k, changes abruptly following a change in 
the ratio v,/v,,. In the intercept mode, k, 
changes only slightly even when the ratio v,/v,5 
is varied by a large amount because all of the 
electrons moving towards the anode climb over 
the second potential barrier and any change in 
the height of this barrier does not affect the 
current division. 

The boundary between the fall-back and 
intercept modes corresponds to different values 
of the ratio v,/v,, for different tubes (it is usually 
from 0.1 to 0.5), depending on the electrode 
structure and the voltages at the other grids. 

The suppressor-grid voltage strongly affects 
the current division ratio in the fall-back mode. 
If the suppressor grid is made more negative, the 
second potential barrier will increase in height, 
and k, will decrease because a progressively 
smaller number of electrons are able to reach the 
anode. 


15-5 Connection of Tetrodes and Pentodes 
in Circuits 


What sets tetrodes and pentodes apart from 
other tubes is their screen grid circuit. In 
pentodes, the screen grid may be held at any 
potential because the dynatron effect is negli- 
gible. In low-power stages, the screen grid is 
usually held at a low voltage (20-50% of the 


anode voltage) because there is no need in 
a large anode current when weak signals are 
amplified. In higher-power stages the anode 
current must be greater, and V,, g is set at higher 
values. In power pentodes, the screen-grid vol- 
tage may sometimes be set at Via20 = &,. 

Sometimes, a separate supply source is used 
for the screen grid of pentodes used in high- 
power stages. In low-power and multi-tube 
circuits this scheme is wasteful. However, it 
offers an advantage in that V,,, is held at 
a constant value. In some cases, V. 2 0 18 derived 
as a fraction of the anode supply ‘Voltage. 

Most often, the screen grid is energized via 
a voltage-dropping resistor R 92 (Fig. 15-6a) 
whose value may range from units to hundreds 
of kilohms. In this circuit configuration 
Ve20 = Ea —Ig2 oRg2 (15-18) 
If we know the screen-grid current, the resis- 
tance required to obtain the desired value of 
V2 Will be given by 


Rgo - (E, i Veo o)/Tg2 Co) 


For example, if £, = 160 V, 
1) o = 0.5 mA, we will need 


(15-19) 
V2 0 = 60 V and 


Rg» = (160 — 60)/0.5 = 200 kQ 


A limitation of the above arrangement is that 
V2 9 Changes whenever the operating condi- 
tions of the tube are varied. To demonstrate, if 
we change the filament (heater) voltage, the 
anode voltage, or the control-grid voltage, this 
will bring about a change in /,, 9. In conse- 
quence, there will also be a change in the voltage 
drop across R,, and in the screen-grid voltage. 

The stability of the screen-grid voltage is 
greatly improved by the use of a voltage divider 
made up of two resistors, R, and R,, connected 
in series as shown in Fig. 15-6. These resistors 
with a resistance of tens of kilohms pass a 


206 


current, Igiy. The voltage produced by this 
divider current across R, is applied to the screen 
grid. The arrangement using a voltage divider is 
less economical because I g;, is wasted as heat in 
the divider. The greater the value of J4gj, in 
comparison with I,, 9, the better the stability of 
V2.0, but the divider itself dissipates more 
power. 

The values of R, and R, can be found by the 


equations 

R= g2 o/Taiv 

and 

Rz = (E, — Vg2 o)/(g2 0 + Laiv) 


Suppose that we are to design a divider to 
derive a voltage V,, 9 = 80 V from an anode 
supply source delivering E, = 240 V with I. 9 = 
= 1 mA and J4;, set at 4 mA. Using the above 
equations, we find that R, =80/4= 
= 20 kQ and R, = 160/5 = 32 kQ. 

As a way of reducing the transfer capacitance, 
the screen grid is usually connected to the 
cathode (the common ground) via a sufficiently 
large capacitor which should present a very 
small impedance. At high frequencies, the capa- 
citance may be as low as thousands or tens of 
thousands of picofarads, while at low frequen- 
cies the figure should be a few tenths of a 
microfarad or even greater. Such a capacitor 
practically short-circuits the screen grid to the 
cathode for alternating current. 

In the absence of such a capacitor, alternating 
current can be coupled from the control-grid 
circuit into the anode circuit by the interelect- 
rode capacitances C,,,, and Cy,, (Fig. 15-7). 
When C,, is included in the circuit, the alter- 
nating current can flow from the grid circuit via 
the interelectrode capacitance C,,,, past which 
it may take any one of two paths, namely: via 
C,» presenting a very low impedance, or via the 
interelectrode capacitance C,,, presenting a 
very high impedance, and then through the load 
having a high impedance. Obviously, nearly all 
of the current follows the first path, with only 
a very negligible fraction dividing into the 
second path. Thus, the screen grid and the 
capacitor C,, eliminate capacitive coupling 
between the anode and grid circuits. 

The capacitor C,, does one more job. In an 
amplifier stage the screen-grid current pulsates 
similarly to the anode current. If the alternating 
component of screen-grid current were allowed 
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Fig. 15-7 
Interelectrode capacitances in a tetrode 


to pass through R,, (or a divider), the voltage 
across it would likewise pulsate, and so would 
the screen-grid voltage. These changes would 
occur in anti-phase with the alternating voltage 
at the control grid, and the alternating com- 
ponent of anode current would be reduced. 
When, on the other hand, the alternating com- 
ponent of screen-grid current is allowed to pass 
through C,,, the voltage drop produced across 
Rg, is solely due to the direct component of this 
current, while the voltage drop across C,, which 
presents a very small impedance is very small. In 
this way, the screen-grid circuit operates actual- 
ly at no-load (in terms of alternating current), 
and V,, 9 remains constant. 

When considering the effect of the screen grid, 
we ought not to confuse the alternating compo- 
nent of screen-grid current J,, with the alter- 
nating current passing via the interelectrode 
capacitances. /,, is part of the electron stream 
produced by the cathode emission. This current 
is generated by the triode section of the tube, 
made up of its cathode, control grid and screen 
grid. If the tube is at cutoff or the cathode is not 
hot enough to emit electrons, /,, will be zero. In 
contrast, the currents passing through the in- 
terelectrode capacitances are not electron 
streams in a vacuum. For example, the capaci- 
tive current flowing from the signal source via 
Cyog1 and C,, exists independently of whether 
the tube is conducting or not or whether the 
cathode is emitting electrons or not. 


15-6 The Characteristics of Tetrodes 
and Pentodes 


Figure 15-8 shows the anode current/grid 
voltage and screen-grid current/grid voltage 
characteristics of a tetrode or pentode for two 
values of anode voltage. Each pair of curves 
lying close to each other corresponds to a 
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particular value of screen-grid voltage. Even an 
appreciable change in anode voltage, say, from 
200 to 300 volts, will affect the characteristics 
only slightly. The small change in i, and i,, 
caused by a change in anode voltage happens 
mainly due to the division of space current 
between the anode and the screen grid. In 
contrast, a change in screen-grid voltage from, 
say, 50 volts to 100 volts brings about a marked 
shift in the characteristics. This shift is roughly 
proportional to the screen-grid voltage. 

The characteristics shown dashed in the 
figure run lower because the screen-grid current 
is smaller than the anode current. The curves 
start from the same origin for both currents — 
this means that the tube is driven to cutoff at the 
same time for both its anode current and its 
screen-grid current. At a lower anode voltage, 
V,,;, the screen-grid curve runs a bit higher 
owing to the current division. When the ratio 
v,/Ug2 is reduced, the current division ratio k,, 
defined as the ratio i,/(i, + igo), is also reduced 
while the cathode current i, = i, + i,, remains 
practically unaffected. Therefore, there is a fall in 
anode current and about the same rise in 
screen-grid current. 

Tetrodes and pentodes have more nonlinear 
anode-grid characteristics than do triodes, and 
the curves plotted for different anode voltages 
form diverging families. This may be explained 
as follows. A change in anode voltage affects 
cathode current only slightly, but it changes the 
division of space current between the anode and 
the screen grid. Let, as an example, the change in 
anode voltage from 200 to 300 volts raise the 
anode current by 10%. With an anode current 
of 1 mA, this increase will amount to 0.1 mA, 
while at 10 mA it will be | mA. The screen-grid 
current will fall by about the same amount. 
Thus, a rise in anode current leads to a greater 
divergence among the characteristic curves. 

Practical calculations are based on curves for 
anode, screen-grid and cathode currents plotted 
at constant voltages at all the grids (Fig. 15-9a). 
Cathode current changes but little with changes 
in anode voltage, while the characteristics for 
anode and screen-grid currents may be divided 
into two regions. In region J (the fall-back 
mode), there is an abrupt rise in anode current 
and an abrupt fall in screen-grid current in 
response to small changes in anode voltage 
because a second potential barrier is formed 
near the suppressor grid at low values of anode 
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Fig. 15-8 


Anode and screen-grid characteristics of a tetrode or 
pentode 


voltage. At v, = 0, no electrons are able to climb 
over this barrier and fall back to the screen grid. 
The screen-grid current is a maximum, and the 
electrons able to reach the anode are only those 
which have high initial velocities. They consti- 
tute a low leakage anode current I. 

The anode has a strong effect on the second 
potential barrier. Therefore, even a minute rise 
in anode voltage leads to a rise in anode current, 
while the screen-grid current falls because the 
electrons leaving for the anode do not come 
back to the screen. As the anode voltage rises, 
the second potential barrier is reduced in height 
until all of the electrons passing through the 
screen grid are able to climb over the barrier, 
and the intercept mode sets in. 

With any further increase in anode voltage, 
the anode current keeps rising mainly due to the 
division of current between the anode and the 
screen. The anode acts on the potential barrier 
at the cathode through the three grids, and its 
influence is weakened by a factor of several 
hundreds or even thousands. Therefore even 
marked changes in anode voltage can bring 
about very small changes in anode and screen- 
grid currents (region J/), It is these regions of the 
characteristics that are utilized in the operation 
of pentodes. High values of the amplification 
factor and a.c. anode resistance are obtained 
when the tube is operating within region IJ. This 
region ought not to be regarded as the tempera- 
ture-limited (or saturation) region. 

Figure 15-94 shows a family of anode charac- 
teristics for a pentode at v,, = const and v,, = 
= const. The more negative the grid is, the 
smaller the anode current is and the lower the 
characteristics run. As is seen, they are more 
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Pentode: (a) anode, screen-grid and cathode characteristics and (b) a family of anode 
characteristics 


gently sloping and spaced closer together. If we 
raise the screen-grid voltage, the characteristics 
will move upwards, and the boundary between 
regions J and IJ (Fig. 15-9a) will be shifted to 
the right. The higher the voltage at the screen 
grid, the greater the anode voltage that is needed 
in order for the tube to move from the fall-back 
to the intercept mode. 

When designing pentode-based circuits, a 
need may arise in the characteristics that show 
the pentode’s currents as functions of the vol- 
tage at the suppressor grid often used as a 
second control grid (Fig. 15-10). This form of 
control is possible only when the suppressor 
grid is negative and there is a drastic change in 
the current division ratio, k,. As the suppressor 
grid is made progressively more negative, both 
k, and anode current are reduced because the 
potential barrier at the suppressor grid grows 
higher and an ever increasing number of elec- 
trons fall back to the screen. At a certain 
negative voltage on the suppressor grid, the tube 
is driven to cutoff for anode current, while the 
screen-grid current reaches a maximum value 
equal to the cathode current. All electrons 
passing through the screen grid fall back. It may 
be added that a lower negative voltage is needed 
to drive the tube to cutoff when the suppressor 
grid is wound with a finer pitch. Figure 15-10 
also shows a plot of cathode current. As is seen, 
it is only slightly dependent on the voltage at the 
suppressor grid. 

When use is made of only the triode section of 
a pentode or when a pentode is connected as 
a triode, the necessary calculations are carried 
out, using the respective characteristics that do 


not differ from those of the conventional triode. 
A pentode is connected as a triode by carrying 
the screen grid to the anode. If the suppressor 
grid has a lead, it is likewise connected to the 
anode. 


15-7 The Parameters of Tetrodes and 
Pentodes 


The parameters (or constants) of tetrodes and 
pentodes are analogous to those of triodes. The 
transconductance of a tetrode or pentode is 
given by 
Im = Ai,/Avg, with v,, vg, and v,, 


held constant (15-21) 


The control grid in tetrodes and pentodes is 
located in the same way as it is in triodes. 
Therefore, tetrodes and pentodes have about the 
same transconductance, that is, units or tens of 
milliamperes per volt. 


ia, ik, ig2 


Fig. 15-10 


Anode, screen grid and cathode currents as functions 
of suppressor-grid voltage 
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Fig. 15-11 
Pentode parameters as functions of (a) control-grid voltage and (b) anode voltage 


The a. c. anode (or dynamic plate) resistance is 
r, = Av,/Ai, with v,;, Ug. and v,3 


held constant (15-22) 


Since the action of anode voltage in a tetrode or 
a pentode is weakened manyfold, r, may be as 
high as hundreds or kilohms or even units of 
megohms and strongly depends on the division 
of current because when the anode voltage is 
changed the current changes mainly due to the 
current division. 
The amplification factor is defined as 


p = — Av,/Av,, with i,, vz, and v,3 


held constant (15-23) 


and may be several hundreds or even thousands. 

The relation p =g,,r, holds as before. The 
penetration factor D of tetrodes and pentodes is 
not the reciprocal of their amplification factors 
because the independent variable is the cathode 
rather than the anode current: 


D = — Av,,/Av, with i,, vg, and v,3 
(15-24) 


The only parameter that can be found from 
anode-grid characteristics with sufficient accu- 
racy is the transconductance of a tetrode or 
pentode. 

Changes in the operating conditions bring 
about appreciable variations in the tube con- 
stants because the characteristics of tetrodes 
and pentodes are strongly nonlinear. As the 
control grid is made more negative (which is 
equivalent to a reduction in anode current), the 
transconductance decreases and the amplifica- 
tion factor increases (Fig. 15-lla). Typically, 
the amplification factor of tetrodes and pento- 
des also varies with changes in the operating 
voltages and currents. 

Figure 15-12 illustrates how the parameters of 


held constant 


a pentode can be derived from its anode charac- 
teristics at a specified operating (Q-), point. The 
transconductance is found by two points, 4 and 
B, and the a. c. anode resistance by points C and 
D, but the accuracy is low, because the current 
increment is too small. It is not convenient to 
determine the amplification factor directly from 
the characteristics. Knowing g,, and r,, it can be 
found by the equation 

H=Iml'a 

In the intercept mode, the parameters g,,, I, 
and p are maximal. At low values of anode 
voltage, that is, in the fall-back mode, the 
parameters are drastically reduced (Fig. 15-114). 

As the control grid is made more negative, the 
anode characteristics are progressively crowded 
together, and this corresponds to an increase in 
r, and a decrease in g,, (Fig. 15-11a). 

The parameters of the triode section of a 
tetrode or pentode, that is, g,,., “a, and pl, can be 
found by the usual equations, recalling that the 
screen grid acts as the anode of this triode 
section. The parameters thus found are similar 
to those of the usual triode. When a tetrode or a 
pentode is connected as a triode, its parameters 


|Vga = const 
IVg3 = const 


Fig. 15-12 


Finding the characteristics of a pentode from anode 
characteristics 
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differ only slightly from those of the triode 
section. 

When the suppressor grid is used as a control 
grid, one has to consider the suppressor-grid 
transconductance and the suppressor-grid amp- 
lification factor of the tube: 


Im3 = Ai,/Av,, with v,, vg, and v,, 


held constant (15-25) 
H3 = — Av,/Av,, with i,, vz, and v,, 
held constant (15-26) 


In calculating the operating conditions and in 
the practical use of tetrodes and pentodes it is 
also important to know their absolute maxi- 
mum ratings, notably the screen-grid dissipa- 
tion, P,> max- 


15-8 The Interelectrode Capacitances of 
Tetrodes and Pentodes 


Figure 15-13 shows the circuit of an amplifier 
stage built around a tetrode. In addition to the 
interelectrode capacitances existing in a triode, 
that is, Cyi,, Cag; and C,,, there are also the 
inter-grid capacitance C,,,,, the anode-screen 
capacitance C,,,, and the screen-cathode capa- 
citance Cy>,. 

The input capacitance of a tetrode in the 
dynamic operation (at load) is 


Cind = Coie + Cgig2 + Cagi(1 + ky) (15-27) 


The transfer capacitance C,,, in a tetrode is 
a fraction of a picofarad. Therefore the term 
Cag, (1 + ky) is substantially smaller than the 
first two terms. Therefore, it is safe to write that 


Cid tt Cory Coie (15-28) 


As is seen, the capacitance of a tetrode in the 
dynamic operation (at load) is appreciably smal- 
ler than that of a triode. 

Example. Compare the input capacitance of 
a triode stage for which C,, = 12 pF, Ca, = 6 
pF and k,, = 20, and ofa tetrode stage for which 
Cyiz = 12 pF, Cyig2 = 10 pF, Cag; = 0.02 pF, 
and k, = 100. 

In the static (no-load) operation, the input 
capacitance of the triode stage is 


Cin = Cox + Cag = 12 + 6 = 18 pF 
and that of the tetrode stage is 
Cin = Coir + Cyig2 =12+10=22 pF 


In the dynamic (at-load) operation, the res- 
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Fig. 15-13 
Amplifier stage built around a tetrode 


pective figures for the triode stage are 
Cin = Cox + Cag(1 + ky) 
= 12 + 6(1 + 20) = 138 pF 
and for the tetrode stage 
Cad ~4 Cin = 22 pF 

The output capacitance of a tetrode is 
Cout = Car + Cage (15-29) 
which is a bit greater than for a triode (for which 
Cout = Cax)- 

The pentode has 10 interelectrode capacitan- 
ces. In an amplifier stage, however, the screen 
and suppressor grids are usually shorted to the 
cathode for the a.c. component. Therefore. 
Corns Cg3x and Cy>,3 are likewise shorted out. 


The input capacitance of a pentode in the 
dynamic operation (at load) is 


Cind © Cin = Cgie + Cgig2 + Cgigs (15-30) 
The output capacitance of a pentode is 
Cout = Cax + Cags ie Cage (15-31) 


It follows from the foregoing that the input 
capacitance of a tetrode or of a pentode is the 
capacitance between the control grid and all the 
other electrodes shorted to the cathode for a.c., 
while the output capacitance is the capacitance 
from the same electrodes to the anode. 


15-9 The Beam Power Tetrode 


The beam power tetrode or, simply, the beam 
tetrode is a tetrode with characteristics quite 
similar to those of the pentode. In it, the 
disadvantage of secondary emission is overcome 
by setting up a ‘potential barrier’ for secondary 
electrons between the screen and the anode. 

As compared with the conventional tetrode, 
the beam tetrode has a greater spacing between 
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its anode and screen, the control and screen 
grids are wound with the same number of turns 
and the wires in one are positioned precisely in 
the shadow of those of the other as seen from the 
cathode. With this arrangement, the stream of 
electrons within the tube is concentrated into 
sheetlike beams (Fig. 15-14). This action is 
produced by what are called beam-forming pla- 
tes or rods, BFP, and BFP,, connected to the 
cathode. Also, the cathode surface opposite the 
grid tabs is not given an oxide coating and does 
not therefore emit electrons. 

In the beam tetrode, the electrons follow the 
paths shown dashed in the figure. Since the 
beams are kept from spreading sidewise, the 
density of the space charge is greatly increased. 
This causes the potential in the anode-screen 
space to fall. If the anode voltage is lower than 
that of the screen grid, a potential barrier is 
formed for the secondary electrons in the 
screen-anode space of a beam tetrode. 

Figure 15-15 shows the distribution of elec- 
trons in the beam and the potential distribution 
in the anode-screen grid space atv, < v,,. Curve 
! holds for both the conventional tetrode and 
the beam tetrode if it draws a small current and 
the fall of potential is not enough for a potential 
barrier to be set up. Curve 2 applies to the beam 
tetrode with a normal anode current. As is seen, 
at v, = 50 V and v,, = 200 V the potential 
barrier seen by the secondary electrons is 30 V 
‘high’. Within the region between O,j, = 20 V 
and the anode the secondary electrons are acted 
upon by a retarding field which drives them 
back to the anode. The secondary electrons are 
not able to overcome the potential barrier and 
to reach the screen grid although it is at a higher 
potential than the anode. In contrast, the pri- 
mary electrons accelerated to high velocities by 
the screen-grid voltage are able to climb over 
this barrier and reach the anode. 

In the conventional tetrode, the screen grid 
breaks up the electron beam and intercepts 
many electrons. The grid tabs act in a similar 
manner. Therefore, the electron beam in the 
conventional tetrode is not dense enough and 
no potential barrier can be set up for the 
secondary electrons. A further advantage of the 
beam tetrode is a reduced screen-grid current 
which does not exceed 5-7% of the anode 
current. The electrons travel between the 
screen-grid wires, and very few of them are 
intercepted there. 
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Fig. 15-14 


Fig. 15-15 


Beam tetrode: (a) electron distribution and (b) po- 
tential distribution 


15-10 The Characteristics and Parameters 
of the Beam Tetrode 


The beam tetrode has anode-grid characte- 
ristics similar to those of the conventional 
tetrode or the pentode (see Fig. 15-8). The 
principal characteristics of the beam tetrode are 
its anode characteristics (Fig. 15-16). They are 
similar to those of the pentode but with several 
differences. For one thing, the transition from 
region J to region IJ is more sharply defined. 
This is because the anode affects the second 
potential barrier in the beam tetrode stronger 
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than it does in the pentode (because there are no 
suppressor-grid wires to interfere with its ac- 
tion). In consequence, region IJ is expanded at 
the expense of region J. 

Another difference is that when its control 
grid is highly negative the beam tetrode displays 
the effect of secondary emission. Now the cath- 
ode current is small, and the space charge is not 
dense enough to set up a potential barrier that 
would hold back the secondary electrons. As is 
seen from the figure, the secondary emission 
effect gains in strength with decreasing anode 
current. However, the beam tetrode does not 
usually operate at low anode voltages and 
currents. Therefore, the secondary emission ef- 
fect does not practically manifest itself in the 
beam tetrode. 

The parameters of the beam tetrode can be 
found by the same equations, Eqs. (15-21) 
through (15-24), as for the conventional tetrode. 
The two grids of the beam tetrode have about 
the same penetration factor, but the control grid 
is wound with a moderately fine pitch so that the 
tube has a long grid base, that is, its anode-grid 
characteristics lie in the region of negative grid 
voltages. In consequence, the screen grid has 
likewise a moderately fine pitch and the amplifi- 
cation factor is somewhat smaller than it is for 
the conventional tetrode. The a.c. anode resis- 
tance ranges from tens to hundreds of kilohms. 
The transconductance is the same as for other 
tubes, that is, somewhere between units and 
10-50 mA V~?. On moving from region I into 
region J of the anode characteristics, g,,, r, and 
ut of the beam tetrode decrease abruptly. 

The beam tetrode has about the same inter- 
electrode capacitances as the conventional tet- 
rode, but Cy,, is somewhat greater because the 
screen grid has a coarser pitch. 

In an amplifier stage, the beam tetrode will 
usually be connected similarly to the conven- 
tional tetrode. The screen-grid voltage may be 
equal to or even a bit higher than the anode 
voltage (in higher-power stages). In the latter 
case, the anode voltage ought not to be turned 
off or the anode circuit ought not to be opened 
while a full voltage is maintained at the screen 
grid. Failure to observe this simple rule might 
lead to an abpurt rise in the screen-grid current, 
and the screen grid might be overheated. 

The beam tetrode is a good substitute for the 
pentode in power stages. This does not mean to 
say that pentodes are on their way out of use. 
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Fig. 15-16 
Family of anode characteristics of a beam tetrode 


Simply, beam tetrodes compare favourably with 
pentodes in terms of characteristics and their 
screen grid draws a smaller current. However. 
they are more difficult to make because their 
grid must be precisely aligned and beam-for- 
ming plates have to be installed. Since beam 
tetrodes do display the secondary-emission ef- 
fect at low anode currents, they are not fabri- 
cated for low power ratings. The absence of a 
suppressor grid makes beam tetrodes less versa- 
tile than pentodes because the suppressor grid 
can sometimes be used as a second control grid. 
Also, by applying a suitable direct voltage to the 
suppressor grid, it is possible to control the 
operating conditions of the pentode. Last but 
not least, pentodes have a higher amplification 
factor and a lower transfer capacitance. 


15-11 The Dynamic Operation of Tetrodes 
and Pentodes 


The dynamic operation of tetrodes and pen- 
todes (that is, at load) is usually analysed 
graphically, using their anode characteristics. 

If the useful output power is to bea maximum 
and the signal distortion is to be kept to 
a minimum, the load impedance of a tetrode or 
a pentode must be a fraction of its a.c. anode 
resistance. This requirement is obvious from 
reference to Fig. 15-17 which shows the anode 
characteristics and load lines of a pentode for 
several values of load resistance (R,,, Ry, and 
R, 3). The operating point on each load line (Q,, 
Q, and Q) corresponds to a grid cutoff voltage 
E,, = — 4V, and each operating region (A, B,, 
A,B,, and AB) corresponds to an alternating 
grid voltage with an amplitude of 4 V. 

When the load resistance is large (R,,), the 
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operating region A,B, is relatively narrow 
because it partly falls within the region of the 
fall-back mode. In consequence, the alternating 
components of anode current and voltage have 
low amplitudes (peak values). Voltage amplifi- 
cation is insufficient and the useful power is 
likewise small. With a load resistance equal to 
R,,, the useful (output) power triangle has a 
small area. On the other hand, nonlinear distor- 
tion is appreciable. To demonstrate, the upper 
portion of the operating region, Q,A,, is sub- 
stantially smaller than the lower portion of the 
same region, Q, B,. Therefore, the positive and 
negative half-cycles of alternating anode current 
and voltage differ markedly in magnitude. 

When the load resistance is small (R,3), the 
operating region (A,B,) is extended. The alter- 
nating component of anode current now has 
a large amplitude, but that of the alternating 
voltage is small because the load line has a very 
large slope. The useful power is now greater (the 
power triangle has increased in area), but it is 
not a maximum, and nonlinear distortion is 
present again (the upper portion, Q,A,, of the 
operating region is longer than the lower por- 
tion, Q,B,). 

It is possible to choose an optimal load 
resistance, R,, such that the operating point will 
divide the operating region into two equal parts, 
and nonlinear distortion will therefore be a 
minimum. With this value of load resistance, R,, 
the upper portion, QA, of the operating region is 
equal to the lower portion, QB. The alternating 
component of anode current now has positive 
and negative half-cycles of the same amplitude 
(peak value), and V2 is substantially higher 
than it was in the two previous cases, There is an 
increase in the useful power as well—the power 
triangle has an increased area. The optimal load 
line runs steeper than the static load line. This 
implies that R, is substantially smaller than r,. 
For most pentodes and beam tetrodes the 
optimum load resistance is 


R,, = 0.05r, to 0.2r, (15-32) 


In rough terms, it is assumed that R, should 
be equal to about 0.1r,. Any departure from the 
optimal value of R, causes a decrease in the 
useful power (albeit, insignificant), and nonli- 
near distortion is exacerbated. The plots of 
Fig. 15-18 show how P,,, and the harmonic 
ratio k, depend on the load ratio defined as 
R,/ra- 


: Vg2 = const 
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Fig. 15-17 


Graphical analysis of pentode operation as an am- 
plifier for several values of load resistance 


Fig. 15-18 


Useful power and harmonic content as functions of 
the load factor 


The optimal location for the operating (Q-) 
point is found by rotating a rule about the point 
M where v, = E, (see Fig. 15-17). The rule 
should be positioned so that the characteristics 
corresponding to the chosen bias and the ends of 
the operating region intercept equal segments, 
QA and QB, on the rule. Then the value of R, is 
found by dividing £, by the current corres- 
ponding to the intersection of the load line and 
the axis of ordinates. 

If the load resistance, R,, is large only for the 
a.c. component and is very small for direct 
current (this happens in a transformer-coupled 
or tuned amplifier), the load lines for different 
values of R, will intersect at the operating (Q-) 
point and not point M. In order to determine the 
optimal operating conditions in such a case, the 
rule should be rotated about point Q until the 
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operating region is divided into two equal 
halves. 

The stage gain in the case of tetrodes and 
pentodes is found in the same manner as for 
triodes (see Sec. 14-4). If we recall that in the case 
of tetrodes and pentodes we may neglect R, in 
comparison with r,, we obtain 


ky © GnRy (15-33) 


In other words, the stage gain is roughly pro- 
portional to the transconductance of the tube. 
The greater the transconductance, the greater 
the amplification. Equation (15-33) yields an 
overrated value of the stage gain k,; still, it is 
widely used for practical calculations. It is to 
remember that it holds only when R, is a small 
fraction of r,. For triodes whose R, is of the 
same order of magnitude as r,, this equation 
may not be used. In Eq. (15-33) it is convenient 
to express g,, in mA V~' and R, in kQ. For 
example, if g,,= 2 mA V~! and R, = 100 kQ, 
then ky + 2 x 100 = 200. 

Since for tetrodes and pentodes R, « r,, the 
Norton equivalent for the anode circuit of an 
amplifier stage may omit r, because the a.c. 
anode resistance and the load resistance are 
connected in parallel. This yields a simplified 
equivalent circuit such as shown in Fig. 15-19. 


15-12 Variable-Mu Tubes 


The large amount of amplification produced 
by pentodes in the r.f. amplifiers of receivers is 
an asset so far as weak signals are concerned. 
With a strong incoming signal, however, a 
prohibitively heavy nonlinear distortion might 
arise. What is needed in such situations is a tube 
whose amplification factor could conveniently 
be varied in inverse proportion to the signal 
strength. When thus built, the tube has what is 
known as a variable-mu characteristic. As is seen 
from the plot of Fig. 15-20a, the characteristic 
has a long grid base, or a remote-cutoff point. 
Hence, another name for such tubes is remote- 
cutoff tubes. 

The desired characteristic is obtained by 
varying the pitch of the control grid winding: a 
tube which has a closely wound grid has a fairly 
high transconductance, whereas when the grid is 
‘openly’ wound its g,, is low. In a variable-mu (or 
remote-cutoff) tube the small part in the middle 
of the control grid has a coarse pitch, and the 
remainder has a fine pitch, as shown in Fig. 
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Fig. 15-19 


Simplified a.c. equivalent anode circuit of a pentode 
(tetrode) 


Fig. 15-20 


Variable-mu tube: (a) characteristics and (b) control 
grid 


15-206. With a large negative bias the tube is cut 
off within the closely wound portion of the grid 
and only the openly wound part of the grid 
determines the value of anode current (curve /). 
This characteristic corresponds to a low trans- 
conductance and a high cutoff voltage. The 
stage gain k, ~g,,R, is low. With a small 
negative bias the closely wound section of the 
grid is the effective part which determines the 
value of anode current. This grid section is 
associated with curve 2 which corresponds to an 
appreciable transconductance but a low cutoff 
voltage. The high transconductance results in 
a high stage gain. The overall characteristic of 
the tube (the full line) is obtained by adding the 
currents defined by curves / and 2. 

For weak signals, the operating point is 
chosen to lie within the steeply sloping part of 
the curve (point Q, in Fig. 15-21), whereas for 
strong signals a more negative bias is chosen 
and the operating point is located within the 
gently sloping part of the curve (point Q,). The 
swing of anode current is about the same in each 
case. Thus, signals varying in amplitude can be 
received at about the same volume while avoid- 
ing the distortion that might have been caused 
by an excessively strong signal. The operating 
point is positioned as required automatically. 
After detection (rectification), stronger signals 


Ch. 15. Tetrodes, Pentodes and Miscellaneous Tubes 


produce a direct voltage which is applied as an 
additional grid bias to a variable-mu tube and 
shifts the operating point within the more gently 
sloping part of the characteristic (that is, one 
with a low transconductance). This arrange- 
ment is known as automatic gain control, or 
AGC for short. 


15-13 Basic Types of Tetrodes and Pentodes 


Several designs of tetrodes are commercially 
available for use in receivers and amplifiers. 
Some tetrodes are specifically intended for use 
as high-power modulator tubes in pulse work- 
ing and high-power transmitting tubes. Beam 
tetrodes are used in the final stages of a.f. 
amplifiers and also in oscillators and transmit- 
ters. Low-power beam tetrodes are not manu- 
factured because at low anode currents they 
suffer from the consequences of secondary elec- 
tron emission (see Sec. 15-8). 

Pentodes are the most commonly used tubes. 
Receiving-amplifying pentodes are classed into 
low-power for use at high and low frequencies, 
and medium-power for use at low frequencies. 
Medium- and high-power pentodes are also 
used in oscillators and transmitters. In fact, 
special-purpose transmitting pentodes consti- 
tute a large group in its own right. 

The earlier designs of pentodes had the con- 
trol grid connection at the top of the envelope 
and the anode connection at the base. State-of- 
the-art pentodes are more convenient because 
all of the electrodes have their connections 
brought out to the base, with the anode and the 
control grid usually connected to the diametri- 
cally opposite pins, The electrode structure 
includes shields to minimize the effect of the 
anode-to-control grid capacitance. There is a 
metal shield inside the envelope and in the 
alignment pin, which is connected to chassis 
ground (Fig. 15-22). In bantam tubes which 
have no alignment pin, there is a shield in the 
central opening of the tube socket. Such shields 
greatly reduce the transfer capacitance. 

Wide use is made of low-power pentodes, 
notably maniaturized and bantam designs. 

Pentodes for the final stages of a. f. amplifiers 
have all of their electrodes brought out to the 
base unshielded because the low transfer capa- 
citance existing at audio frequencies does not 
affect the tube performance. 

All transmitting pentodes usually have a 
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Fig. 15-21 


Fig. 15-22 


Electrode leads and connections in a single-base tube: 
(J) key (alignment pin); (2) exhaust tube; (3) shield; (4) 
electrode leads; (5) envelope; (6) glass; (7) pin; (8) shield 


suppressor-grid connection because it is some- 
times practised to apply a positive voltage to 
this grid in telegraph transmitters as a way of 
enhancing the useful power output, while in 
telephone transmitters this grid is used for 
modulation. 


15-14 Miscellaneous Tubes 


The superheterodyne receiver always includes 
at least one stage for changing the frequency of 
the incoming signal to the fixed frequency of the 
main intermediate-frequency (IF) amplifier in 
the receiver. This frequency-changing process is 
accomplished by beating together (heterodyning) 
a locally generated oscillation and the incoming 
signal frequency. The local oscillation may be 
generated by some elements within the frequen- 
cy-changing tube—in such cases, the frequency- 
changing tube is commonly called a converter 
tube, usually fitted with two control grids. A 
common multigrid converter tube is the heptode 
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(or seven-electrode tube). It has five grids, and so 
it is more commonly called a pentagrid tube. The 
triode section of a pentagrid converter tube, 
made up of the cathode and the first two grids, 
operates as the /ocal oscillator supplying the 
auxiliary frequency required for frequency con- 
version. The second grid operates as the anode 
of the triode and as a screen grid. The third grid 
does the job of a second control grid and is 
usually called the signal grid because the incom- 
ing signal is applied to it. The fourth and fifth 
grids are the usual screen and suppressor grids 
as they are in a pentode. 

In some cases, the local-oscillator signal is 
supplied by a separate tube, and the heptode is 
only used to mix the incoming signal and the 
local-oscillator output frequency. Quite aptly, 
such a tube is called a mixer tube. Unfortunately, 
heptodes show a poor performance at wave- 
lengths shorter than 20 m, and so they may be 
encountered only in the older makes of equip- 
ment. 

At one time, the job of frequency changing 
was also done by hexodes (or six-electrode 
tubes) which differ from heptodes in that they 
have no suppressor grid, and by octodes (or 
eight-electrode tubes) in which the second grid 
operated as the plate of a triode and the third 
grid acted as a screen separating the local- 
oscillator and signal sections of the tube. 

Use has also been made of multi-unit tubes 
where a single envelope contains several elec- 
trode structures. Such tubes reduce the size of 
the equipment and simplify the wiring problems. 
In diagrams, it is usual to show the heater and 
cathode of only one electrode structure so as to 
make the graphic presentation less crowded. 
Many of such tubes, especially those intended 
for service at high frequencies, have shields to 
avoid parasitic capacitive coupling between the 
various electrode structures. 

Receivers, electronic instruments and tape 
recorders often use ‘magic eyes’—electron-ray 
tubes which indicate visibly on a fluorescent 
target the effects of changes in a control-grid 
voltage applied to the tube. In receivers, they are 
used as tuning indicators; with them, any desired 
station can be tuned in with the receiver’s 
volume control set to zero (‘silent tuning’). In 
instruments and tape recorders, they indicate 
the voltage level used. A typical electron-ray 
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tube, or a magic eye, consists of an amplifying 
triode and a triode indicator system in which the 
anode is used as a fluorescent target. The magic 
eye operates so that its dark segment becomes 
wider or narrower according as it is bombarded 
by a stronger or a weaker electron stream. 

The transconductance of amplifying tubes 
can be enhanced in ways other than decreasing 
the grid-to-cathode spacing (see Chap. 13). For 
example, what is known as the space-charge 
tetrode uses an additional grid placed between 
the control grid and the cathode and held at 
some positive potential. This additional grid 
serves to produce a potential barrier (a space 
charge) close to the control grid. As a result, the 
control grid produces a stronger action on the 
barrier and, in consequence, on the electron 
beam. The transconductance is as high as 25 mA 
V1, but there is an appreciable waste of power 
due to the current drawn by the additional 
grid. 

Secondary-emission tubes have one or several 
dynodes, that is, electrodes having the primary 
function of supplying secondary-electron emis- 
sion and held at a less positive potential than the 
anode. The primary electrons emitted by the 
cathode would strike the dynode and knock out 
many more secondary electrons. This principle 
can boost the transconductance to several hun- 
dred milliamperes per volt. 

Some time ago, V.N. Avdeyev of the Soviet 
Union proposed to use rod electrodes in tubes. 
With them, the tube needed a lower filament 
power and a smaller anode supply source, and 
had smaller interelectrode capacitances and 
screen-grid current. Also, they were mechani- 
cally robust and reliable. Unfortunately, they 
could offer a relatively low transconductance. 

At one time there was a good deal of interest 
in nuvistors, extremely small receiving-ampli- 
fying metal-ceramic triodes and tetrodes. They 
are highly reliable and economical, can be 
manufactured on an automatic production line, 
and have a highly consistent performance from 
one unit to another. Nuvistors are insensitive to 
shocks, jarring and vibration, can operate at 
temperatures as high as 200°C. Some nuvistors 
come with cylindrical electrode terminals which 
can readily be mated with coaxial resonant 
circuits, and can operate at frequencies up to 
2 GHz. 
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Chapter Sixteen 
Cathode-Ray Tubes 


16-1 General 


Cathode-ray tubes (CRTs) are widely used as 
indicators (or displays) in radar, in oscillosco- 
pes, as picture and camera tubes in television, as 
storage tubes, electron-beam switches, in elec- 
tron microscopes, as electron image converters, 
and elsewhere. In all of these applications, 
a narrow beam of electrons is produced and 
controlled by an electric field or a magnetic field 
or by both. Most CRTs serve to produce visible 
images or patterns on a fluorescent screen, 
thereby permitting the visual observation of 
electrical signals. This chapter will be concerned 
with the most commonly used CRO tubes and 
TV picture tubes closely associated with the 
CRTs used by radar and sonar equipments. 
The main electrical difference between CRT 
types lies in the means employed for focusing 
and deflecting the electron beam. The beam may 
be focused and/or deflected either electrostati- 
cally or magnetically because a stream of elec- 
trons can be acted upon either by an elec- 
trostatic or a magnetic field. Depending on the 
material used for the screen, a CRT may present 
a green, orange or yellow-orange colour (for 
visual observation), a blue colour (to take 
photographs of the patterns displayed), and 
white-and-black or tri-colour (for TV). A further 
distinction is in the time during which the screen 
stays fluorescent after electrons cease to bom- 
bard it—this is known as the screen per- 
sistence. CRTs may further be classed according 
to the material used for their envelopes (glass or 
metal-glass), size, and some other features. 


16-2 The Electrostatic CRT 


Electrostatic CRTs, that is, ones in which the 
electron beam is focused and deflected by an 
electrostatic field, are especially widely used in 
oscilloscopes. 

Figure 16-1 shows the basic arrangement of 
a simple electrostatic CRT along with its graphi- 
cal symbol. The envelope is a combination of 
a cylinder and a cone or of two cylinders 
differing in diameter. The inside surface of the 


CRT faceplate is given a coat of a phosphor, that 
is, a material which fluoresces when bombarded 
by electrons. The envelope encloses an electrode 
structure with leads taken from the individual 
electrodes usually to the various pins at the base. 
In the figure, the leads are shown directly 
passing through the envelope for simplicity. 

The cathode (K) is usually an oxide-coated 
indirectly heated type in the form of a cylinder 
that encloses a filament or heater. The oxide is 
applied to the bottom of the cylinder. The 
cathode is surrounded by a cylindrical control 
grid (G), or modulator, which has a small hole in 
its front for the passage of the electron stream. 
The function of this electrode is to control the 
density of the electron stream and to pre-focus it 
into a narrower beam. The grid is usually held at 
a negative voltage of several tens of volts. As the 
voltage applied to the grid is raised, an ever 
greater number of electrons is caused to travel 
back to the cathode. At some negative voltage at 
the grid the CRT is cut off, or blanked. 

Next in order are the anodes. In the simplest 
cases, there are two of them. The second accele- 
rating anode (A,) 1s held at a voltage of 500 V to 
several kilovolts (sometimes as high as 10-20 
kV), and the first accelerating anode (A,) is 
maintained at a voltage which is a small fraction 
of that at the second. The anodes enclose 
perforated partitions (called diaphragms). The 
accelerating anodes bring the electrons up to 
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Electrostatic cathode-ray tube: structure and graph- 
ical (circuit) symbol 
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a considerable velocity. The electron beam is 
finally focused by a uniform electrostatic field 
between the anodes (where an additional fo- 
cusing electrode may be placed) and by the 
diaphragms. More elaborate electrode struc- 
tures may have a greater number of electrodes. 

The electrodes which have been described up 
to this point (the cathode, the control grid, and 
the anodes) constitute what is known as an 
electron gun which produces free electrons and 
focuses them into a slender, concentrated, ra- 
pidly travelling stream for projecting onto the 
viewing screen. 

To make the CRT useful, means must be 
provided to deflect the electron beam along two 
axes at right angles to each other. With electro- 
static deflection, this is done by electrostatic 
deflection plates, one pair (X-plates) to deflect 
the beam horizontally and the other pair (Y- 
plates) to deflect the beam vertically. The voltage 
applied to the plates produces an electrostatic 
field which deflects the beam towards the posi- 
tively charged plate. The field set up by the 
plates is a transverse one for the electrons. In 
such a field, the electrons travel along parabolic 
paths; on leaving the field, they keep moving on 
in straight lines. In this way, the beam receives 
a net angular deflection. The higher the voltage 
applied to the plate, the stronger the deflection. 
As a result, the luminous spot produced on the 
viewing screen by the impinging beam moves 
farther away from its centre. 

One plate in each pair is sometimes connected 
to the chassis ground, and so it is at zero 
potential. The plates are then said to be unba- 
lanced. To avoid an electrostatic field affecting 
the electrons between the second anode and the 
chassis ground, it is usual to ground the second 
anode as well. Then, with no voltage applied to 
the deflection plates, no field will exist between 
them and the second anode, and the electron 
beam will remain unaffected. 

Since the second anode is grounded, the 
cathode held at a high negative potential equal 
to that at the second anode must be well 
insulated from the chassis ground. It is dange- 
rous to touch the cathode, grid and filament 
leads when the CRT is turned on. 

Because extraneous electric and magnetic 
fields might affect the electron beam, the CRT is 
often enclosed in a mild-steel shield. 

The luminescence of the fluorescent screen is 
caused by the excitation of the phosphor as 
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electrons strike it and is called the cathodolu- 
minescence. As the electrons impinge on the 
screen, they give up their energy to the lumi- 
nescent phosphor atoms so that one of their 
electrons moves to an orbit farther away from 
the nucleus. On falling back to its former orbit, 
the excited electron emits a quantum of radiant 
energy (a photon), and this is seen as a glow. 

Electrons hitting the screen may charge it 
negatively, thereby setting up a field that might 
retard the incoming electrons. This might cut 
down the screen brightness or even prevent 
electrons from reaching the screen altogether. 
Therefore, there is a need to conduct the nega- 
tive charge away from the screen. For this 
purpose, an Aquadag coating (a conductive 
graphite material) is applied to the inside of the 
envelope and connected to the second anode. 
The secondary electrons knocked out of the 
screen by primary electrons are attracted by the 
Aquadag coating so that the screen is usually at 
a potential very close to that of the Aquadag. In 
some CRTs, the Aquadag coating has a terminal 
(AQ in Fig. 16-1) so that it can be used as a 
postdeflection or a third accelerating anode ope- 
rated at a higher voltage. The term ‘postdeflec- 
tion’ refers to the fact that the electrons are 
additionally accelerated after they have been 
acted upon by the deflection plates. 

The Aquadag coating also serves as an elec- 
trostatic shield as it prevents the formation of 
a negative charge on the envelope walls by the 
impinging electrons. This electrostatic charge 
might produce stray fields that would upset the 
normal operation of the CRT. Without any 
Aquadag coating, secondary electrons would 
have moved from the screen to the deflection 
plates and the second anode. 

The electrodes of a CRT are usually set up on 
metal supports and insulators carried by a glass 
stem. 


16-3 The Supply Circuits of the CRT 


The supply circuits of a typical CRT are 
shown in Fig. 16-2. Direct voltages for the 
electrodes are fed by two rectifiers, E, and E). 
The first rectifier must supply a very high 
voltage (hundreds or even thousands of volts) at 
a current of not more than several milliamperes. 
The £, source is designed for a voltage which is 
a fraction of that supplied by £,. This source 
also feeds the other stages operating together 
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with the CRT. Therefore, it supplies a current of 
several tens of milliamperes. 

The electron gun draws its power via a 
voltage divider made up of resistors R,, R32, R3, 
and R,. Their resistances are chosen to be 
hundreds of kilohms so that the divider could 
only draw a small current. The CRT itself draws 
a small current too, mostly tens or hundreds of 
microamperes. 

The potentiometer R, is used as the 
BRIGHTNESS control. It controls the negative 
voltage applied to the control grid from the right 
part of R,. An increase in the absolute value of 
this voltage reduces the number of electrons in 
the beam, and so the brightness of the screen is 
reduced, too. 

The potentiometer R; is the FOCUS control. 
It controls the voltage applied to the first anode 
so that the difference of potential between the 
two anodes is changed, and so is the field 
strength between them. If, say, we bring down 
the potential at the first anode, the difference of 
potential between the two anodes will rise, the 
field will gain in strength, and its focusing 
action will be enhanced. Because the first-anode 
voltage V,, need not be reduced to zero or 
increased to that at the second anode, V,,, the 
divider includes resistors R, and R,. 

The second-anode voltage V,, is only slightly 
lower than E, (by the voltage drop across R,). It 
is to be remembered that the velocity of the 
electrons leaving the gun depends solely on the 
second-anode voltage and is independent of the 
voltages at the control grid and the first anode. 
Some of the electrons are intercepted by the 
anodes, especially if the latter are fitted with 
diaphragms. Therefore, the anode circuits draw 
currents of a fraction of a milliampere, which 
have their path completed through the £, 
supply source. For example, the electrons con- 
stituting the current drawn by the first anode 
move from cathode to anode, then via the 
right-hand portion of R, and R, to the “+” 
terminal of the £, source whence they move 
through the source and R, to the cathode. 

The potentiometers R; and R, connected to 
the £, source serve to position the luminous 
spot on the screen initially. Their wiper arms are 
connected through high-value resistors R, and 
R, to the deflection plates. Resistors Ry and R;o 
of the same value are used to set the zero- 
potential point returned to the chassis ground. 
The potentiometers R; and R, have a potential 
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Fig. 16-2 
CRT operating from two supply sources 


of + 0.5£, at one end and a potential of — 0.5£, 
at the other, while their centre points are at zero 
potential. When the wiper arms of R, and R, are 
in their mid-positions, the voltage across the 
deflection plates is zero. Moving the wiper arms 
away from their centre positions will apply any 
desired voltage to the deflection plates, thereby 
causing the luminous spot to deflect vertically or 
horizontally to any point on the screen. 

The deflection plates also receive an alter- 
nating voltage (say, the voltage waveform of 
interest when a CRT is used in an oscilloscope) 
via d.c. blocking capacitors C, and C,. Without 
these capacitors the deflection plates would be 
shunted for d.c. by the internal resistance of the 
a.c. (signal) source. Should this internal resis- 
tance be low, the direct voltage across the 
deflection plates would be drastically reduced. 
Also, the unknown signal may sometimes con- 
tain a direct voltage that ought not to be applied 
to the deflection plates. In many cases, it is 
likewise undesirable for the direct voltage used 
in the deflection-plate circuits to enter the a.c. 
(signal) source. 

The function of the resistors R, and Rg is to 
raise the input resistance of the deflection system 
seen by the a.c. (signal) source. Without them, 
the signal source would be loaded into the 
substantially smaller resistance supplied by R., 
Rg, Ro, and R,,o. On the other hand, R, and Rx, 
do not bring down the direct voltage applied to 
the deflection plates because no direct currents 
are allowed to flow through them. 

The useful current is the electron-beam cur- 
rent. The electrons that constitute it travel from 
the cathode to the fluorescent screen and knock 
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out of it secondary electrons which move to- 
wards the Aquadag coating and farther on 
towards the “+” terminal of the £, source, 
through its internal resistance and the poten- 
tiometer R, to the cathode. 

Other schemes may be used to energize 
a CRT, say, from a single H. V. supply. 


16-4 The Electron Gun of 
an Electrostatic CRT 


The electron gun of a CRT is essentially an 
electron-optical system made up of a series of 
electrostatic electron lenses. Each lens is formed 
by a nonuniform electrostatic field which bends 
the paths of electrons in much the same way as 
an optical lens causes the refraction of light rays. 
In addition to bending the travel paths of 
electrons, electrostatic lenses can accelerate or 
decelerate the electrons. 

The simplest electron gun consists of two 
lenses. The first or prefocusing lens is made up of 
the cathode, control grid and first anode. Figure 
16-3 shows the field in this part of the electron 
gun. The equipotential surfaces are shown as full 
lines, and the lines of force as dashed lines. As is 
seen, some of the lines of force originating at the 
first anode run towards the space charge near 
the cathode, and the remainder terminates at the 
control grid which is more negative than the 
cathode. Arbitrarily, the line BB’ divides the 
field into two parts. The left-hand part focuses 
the electron stream and accelerates the elec- 
trons. The right-hand part of the field accelera- 
tes the electrons still more but somewhat 
disperses them (causes the beam to spread 
sideways). However, the spreading action is 
weaker than the focusing action because the 
electrons move at a higher velocity in the 
right-hand part of the field. 

This field is not unlike a system of a con- 
verging (or positive) lens and a diverging (or 
negative) lens. The converging lens (also known 
as the collecting lens) is stronger than the di- 
verging lens, so on the whole the system pro- 
duces a focusing action. However, the electron 
streams travel by laws different from those that 
govern the refraction of light beams in optical 
lenses. 

Figure 16-4 shows the trajectories for the 
outer electron beams leaving the cathode. The 
electrons move in curved paths. Their streams 
are focused and intersect in a small region called 
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Fig. 16-3 


Fig. 16-4 


Travel paths of electrons in the first lens of an electron 
gun 


the first cross-over and located most often 
between the control grid and the first anode. 

The first lens has a short focal length because 
the electrons travel through it at relatively low 
velocities and their paths are curved appre- 
ciably. 

When the control grid is made progressively 
more negative, the potential barrier near the 
cathode builds up, and an ever decreasing 
number of electrons are now able to climb over 
it. There is a reduction in the cathode current 
and, as a consequence, in the electron-beam 
current and in the brightness of the luminous 
spot on the screen. The potential barrier grows 
in height to a lesser extent in the central part of 
the cathode because this portion of the barrier is 
more strongly affected by the accelerating field 
that finds its way from the first anode through 
the central hole in the control grid. At some 
negative voltage at the control grid the potential 
barrier at the edges of the cathode rises so high 
that no electrons can climb over it. Only the 
central part of the cathode remains effective. 
Any further increase in the negative voltage 
reduces the effective area of the cathode until it 
becomes equal to zero—the CRT is said then to 
be blanked. Thus, brightness control is associa- 
ted with changes in the effective area of the 
cathode. 

Now let us see how the electron beam is 
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focused by the second lens, that is, the system of 
the two anodes (Fig. 16-Sa). Line BB’ divides 
the field between the anodes into two parts. On 
entering the left-hand part, the divergent elec- 
tron stream is focused while in the right-hand 
part of the field it is caused to spread or diverge. 
The spreading action is weaker than the fo- 
cusing action because the electrons moving in 
the right-hand part have a higher velocity than 
they do in the left-hand part. The entire field is 
not unlike an optical system made up of a 
converging (positive) and a diverging (negative) 
lens (Fig. 16-55). Because the electrons move in 
the field between the two anodes at high velo- 
cities, the system has a long focal length. This is 
what is required because the electron beam has 
to be brought to a sharp focus at the screen 
positioned a fairly large distance away. 

When the potential difference between the 
anodes is increased (by reducing, say, the volt- 
age at the first anode), the field gains in strength 
and produces a stronger focusing action. Focus- 
ing could in principle be controlled by varying 
the voltage at the second anode but this is 
inconvenient because this would change the 
velocity of the electrons leaving the gun, thereby 
causing the light spot on the screen to vary in 
brightness, and would affect the deflection of the 
beam by the plates. 

A drawback of the electron gun we have just 
discussed is the interaction between the bright- 
ness and focusing controls. Changes in the 
potential at the first anode affect the brightness 
because the field of the first anode affects the 
potential barrier near the cathode. Changes in 
the potential at the control grid shift the first 
cross-over along the tube’s axis, thereby impair- 
ing the sharpness of the focus. Also, manipu- 
lation of the brightness control changes the 
first-anode current. Since, however, the first- 
anode circuit contains high-value resistors, its 
voltage is likewise changed, and this leads to 
defocusing. Changes in the second-anode cur- 
rent do not affect focusing because the second- 
anode circuit contains no resistors, so its voltage 
cannot change. 

Better electron guns have one more electrode 
between the control grid and the first anode, 
called the screen grid (or, by some authors, the 
preaccelerating anode) (Fig. 16-6). It is connec- 
ted to the second anode and held at a constant 
potential. Owing to this screen grid, changes in 
the potential at the first anode in response to 
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Fig. 16-5 


analogy 


Fig. 16-6 
Electron gun and the screen and accelerating elec- 
trodes 


focus control do not practically affect the field at 
the cathode. 

The focusing system made up of the control 
grid, the screen grid and the first anode operates 
as follows. The field between the first and second 
anodes is as shown in Fig. 16-5a. It focuses the 
electron stream as already explained. The field 
between the screen grid and the first anode is 
a nonuniform one, similar to that between the 
anodes (see Fig. 16-5Sa), but it is retarding rather 
than accelerating. The electrons entering this 
field as a divergent stream are spread sidewise in 
the left-hand part of the field and focused in the 
right-hand part. The focusing action is stronger 
because the electrons moving in the right-hand 
part have a lower velocity. In this way, the 
stream is focused between the screen grid and 
the first anode. The lower the potential at the 
first anode, the stronger the field and the better 
the focusing action. 

To minimize the effect of the BRIGHTNESS 
control on FOCUS, the first anode has no 
diaphragm (Fig. 16-6). It does not intercept 
electrons, so it draws no current. 
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State-of-the-art electron guns produce a light 
spot which is 0.001 or 0.002 of the screen’s 
diameter. 


16-5 Electrostatic Beam Deflection 


The electron beam in a CRT and the lumi- 
nous spot on its viewing screen are deflected in 
proportion to the voltage applied to the deflec- 
tion plates. A measure of the physical displa- 
cement of the beam (that is, as measured on the 
screen) is given by what is called the deflection 
sensitivity of a CRT. If we denote the vertical 
displacement of the beam (or, which is the same, 
the luminous spot) as y, and the voltage applied 
to the Y-plates as V,, we may write 


(16-1) 
where Sy is the vertical deflection sensitivity of 
the CRT. 


Similarly, for the horizontal deflection of the 
beam 


x= SV, (16-2) 


Thus, the deflection sensitivity of a CRT is the 
ratio between the physical displacement of the 
beam as measured on the screen and the applied 
deflection voltage: 


y=SyW 


Sy = x/Vq 
and (16-3) 
Sy = y/Vy 


In other words, the deflection sensitivity of 
a CRT is the deflection of the beam per volt of 
deflection voltage. It is usually expressed in 
millimetres per volt. Many CRO manufacturers 
quote a quantity which is the reciprocal of the 
deflection sensitivity and is called the deflection 
factor, expressed in volts per millimetre. Some- 
times, the deflection factor is referred to as the 
deflection sensitivity as well. 

Equations (16-3) do not mean to say that the 
deflection sensitivity is inversely proportional to 
the deflection voltage. If we increase V, several 
times, the vertical beam displacement y will 
increase by the same factor, but the value of Sy 
will remain unchanged. Thus, Sy is independent 
of V,. The deflection sensitivity of typical CRTs 
ranges between 0.1 and 1 mm V~?. It is a 
function of the operating conditions and tube 
geometry (Fig. 16-7): 


§ = bteavs (16-4) 
p a 
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Fig. 16-7 
Electrostatic beam deflection 
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where /4, = length of the deflection plates 
/ = spacing between the plates’ centre 
and the screen 
d = spacing between the plates 
V,. = voltage at the second anode 

Equation (16-4) is easy to explain. With an 
increase in /gp, each electron has to travel 
a longer distance in the deflecting field and its 
displacement increases. Given the same angular 
displacement, the deflection of the light spot on 
the screen increases with increasing /. If we 
increase d, the field between the plates will be 
weaker, and this will lead to a smaller displa- 
cement of the light spot. An increase in V,, leads 
to a reduced deflection because the electrons 
travel through the field between the plates at 
a higher velocity. 

Let us see how we could increase the sensiti- 
vity on the basis of Eq. (16-4). An increase in /is 
undesirable because too long a tube is incon- 
venient in use. If we increase /4, or decrease d, we 
will fail to secure a large beam deflection 
because the beam will hit the plates. To avoid 
this, the plates are bent and placed relative to 
each other as shown in Fig. 16-8. Unfortuna- 
tely, this entails a reduction in the brightness of 
the spot, which is undesirable in many cases, 
especially when the beam is deflected over the 


Fig. 16-8 
Deflection plates 
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screen at a high rate. A reduction in the anode 
voltage degrades the sharpness of focus as well. 
Ata higher value of V,,, the electrons inside the 
tube travel at high velocities, and the mutual 
repulsion of electrons manifests itself to a lesser 
degree, and their paths in the electron gun make 
smaller angles with the tube’s axis. These paths 
are called paraxial trajectories. They improve 
the focusing of the beam and reduce distortion 
in the image displayed on the screen. 

The reduction in brightness (beam intensity) 
secondary to a fallin V,, is made up for in CRTs 
using post-deflection acceleration. In these tubes, 
the electron gun accelerates electrons to an 
energy of not more than 1-1.5 keV. Thus 
accelerated, the electrons travel past the deflec- 
tion plates and enter the accelerating field set up 
by a third anode which is the conductive 
Aquadag coating applied to the inside of the 
envelope and insulated from the underlying 
material connected to the second anode (Fig. 
16-9a). Owing to this arrangement, V,, > V,,. 
The field between these two anodes forms a lens 
which accelerates electrons. At the same time, it 
bends the electron paths somewhat so that the 
sensitivity is reduced a little and there is a slight 
distortion of the image. These shortcomings are 
avoided to a considerable degree by multiple 
post-deflection acceleration provided by a series 
of conductive rings at which the voltage increa- 
ses in progression such that V,, > V,; > V,. > 
> V,, (Fig. 16-96). 

The stray capacitance that might exist be- 
tween the X- and Y-plates is minimized some- 
times by passing their leads directly through the 
glass envelope and by placing a shield between 
the plates. This purpose may alternatively or 
jointly be served also when the X-plates are 
located away from the Y-plates. Because of the 
different distance from the plates to the screen in 
such an arrangement, the sensitivity along the 
X-axis may somewhat differ from that along the 
Y-axis. 

Distortion may further be produced if the 
deflection voltage is varying at a very high 
frequency, because the transit time of electrons 
in the field set up by the deflection plates 
becomes comparable with the period of oscil- 
lation of the deflection voltage. During this time 
interval the voltage at the plates changes mar- 
kedly and may even take an opposite sign. This 
form of distortion can be minimized by using 
short plates and higher accelerating voltages. 
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Fig. 16-9 


Post-deflection accelerating anodes 
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Fig. 16-10 
Measuring an alternating voltage with a CRT 


A further effect of increasing frequency is the 
greater effect of the self-capacitance of the 
deflection plates. 

State-of-the-art oscilloscopes for use at mic- 
rowave frequencies employ far more sophisti- 
cated deflection systems. 


16-6 Measurement and Visual Observation 
of Alternating Voltages with a Cathode-Ray 
Tube 


If we apply an alternating voltage to the 
Y-plate of a CRT, the electron beam will 
oscillate and the screen will present a luminous 
vertical bar (Fig. 16-10a). Its length is propor- 
tional to twice the peak value of the applied 
voltage, 2V,,. If we know the deflection sensiti- 
vity of our CRT and have measured the deflec- 
tion y, we can find V,, by the equation 


V, = y/2Sy (16-5) 


For example, if Sy = 0.4 mm V~! and y = 20 
mm, we have 


V,, = 20/(2 x 0.4) =25V 


If the sensitivity is not known, it can be 
determined as follows: Apply a known alterna- 
ting voltage to the deflection plates and measure 
the length of the luminous bar. The voltage can 
be drawn from an a.c. socket outlet and measu- 
red with a voltmeter. It should be remembered 
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that the voltmeter will read the rms value of 
voltage which can be converted to its peak (or 
amplitude) value on multiplying it by 1.4. 

As is seen, a CRT may be used as a peak- 
reading (or crest) voltmeter. Among its advan- 
tages are a high input resistance and the ability 
to make measurements at very high frequencies. 

The above technique may be used to measure 
the peak value of nonsinusoidal voltages and 
also the amplitudes of the positive and negative 
half-cycles of voltage when they are not equal in 
magnitude. The procedure is as follows. Note 
the position of the light spot when the unknown 
voltage is not yet applied. Apply the unknown 
voltage, and measure the distance between the 
initial position of the light spot and the ends of 
the luminous bar, y, and y, (Fig. 16-105). Then 
the amplitude of each half-cycle will be given by 


Vina = V1 /Sy 
and 


Vin2 = V2/Sy 

For visual observation of alternating volta- 
ges, the unknown voltage is applied to the 
Y-plates while the X-plates are fed what is 
known as the sweep or timebase voltage, Vi», 
which has a sawtooth waveform (Fig. 16-11) 
and is generated by an oscillator commonly 
called the sweep generator or the timebase 
generator (or circuit). Owing to this timebase or 
sweep voltage, the electron beam moves hori- 
zontally across the screen at a constant rate for 
a time ¢, while the voltage is rising. This is the 
forward motion of the sweep, or the active phase 
of the sweep scan. During the next time interval, 
t,, the voltage abruptly decreases, and the beam 
rapidly moves backwards. This is the retrace 
motion (or, simply, the retrace) of the sweep, also 
known as the flyback. These two events, forward 
sweep and flyback, repeat themselves at the 
frequency of the timebase voltage. 

When the unknown voltage is not applied, the 
screen displays a luminous horizontal bar which 
is in effect the time axis. If we apply the unknown 
alternating voltage to the Y-plates, the spot on 
the screen will simultaneously oscillate up and 
down the screen and repeatedly sweep forward 
and fly back horizontally. The result will be 
a luminous pattern which represents the wave- 
form of the unknown voltage. Figure 16-12 
shows the waveform of a sinusoidal voltage, but 
visual observation of other waveforms is like- 
wise possible. 


(16-6) 
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Fig. 16-11 
Sawtooth voltage for a linear time-base 


n=2 


Fig. 16-12 
Sinusoidal voltage waveforms at multiple frequencies 


For the pattern displayed on the screen to 
appear stationary, the period of the timebase 
voltage, Tj,, must be equal to or be a whole 
multiple of that of the unknown voltage, T: 


T, =aT (16-7) 


where n is an integer (1, 2, 3, etc.). 
Accordingly, the timebase frequency fj, must 
be a submultiple of that of the unknown voltage: 


iv = fin (16-8) 


Then the screen will be able to display a whole 
number of cycles of the unknown voltage during 
the time Jj,, and at the end of flyback the light 
spot will find itself at the same point where it 
started during the previous scan. The figure 
shows the waveform for n = 1 or Tj, = T and 
also for n= 2 and Tj, =2T. The flyback (or 
retrace) time, t,, should preferably be made as 
short as practicable because some of the wave- 
form is not displayed, that is lost, during flyback 
(the dashed portion of the pattern). Also, a 
shorter ¢, means a faster flyback, and so the 
retrace is less visible on the screen. If we wish to 
observe at least one cycle of the unknown signal, 
we should set n equal to at least 2. The value of n 
is chosen by adjusting the frequency of the sweep 
generator. If m is a non-integer, the waveform 
pattern will not remain stationary and several 
waveforms instead of one will be seen, which is 
an obvious inconvenience. Figure 16-13 shows 
the waveforms of a sinusoidal voltage for n = 
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Sinusoidal voltage waveforms at submultiple frequ- 
encies 


= 1/2 andn = 3/4. For simplicity, it is assumed 
that the flyback time, f,, is zero. The arrows and 
numbers in the figure indicate the sequence in 
which the spot moves on the screen. 

The chosen number n will usually remain 
constant for a limited time only because the 
frequency of the timebase is anything but con- 
stant, and that of the unknown voltage may vary 
as well. To hold the number 1 constant for a long 
time, it is customary to synchronize the timebase 
with the unknown signal. Synchronization con- 
sists in that the unknown voltage is applied to 
the timebase and causes it to generate a saw- 
tooth voltage at a frequency which is 1/n of that 
of the unknown signal. 

The voltage to be observed is usually applied 
to the deflection plates via d.c. blocking capa- 
citors (see Fig. 16-2). This prevents any d.c. 
component from reaching the plates, and the 
observer can only see the a.c. component. The 
time axis (the zero line) of this component is the 
horizontal trace remaining on the screen when 
the unknown voltage is no longer fed to the 
deflection plates. If it is desired to obtain 
a waveform of the entire signal, including its d.c. 
component, it must be appplied to the plates 
directly rather than via capacitors. 

When the objective is to watch the waveform 
of a current, a resistor R is placed in the circuit. 
The voltage that develops across it is propor- 


To = V=0 
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tional to the unknown current and is applied to 
the Y-plates. Since the deflection sensitivity of 
the CRT is known, it is an easy matter then to 
find this voltage. On dividing it by the value of 
R, one obtains the unknown current. For the 
resistor not to affect the waveform or magnitude 
of the unknown current, its value should be 
relatively low. If the resultant voltage appears 
then to be insufficient, it must be fed via an 
amplifier with a known gain. 


16-7 Image Distortion in Electrostatic 
CRTs 


With electrostatic CRTs, waveform distor- 
tion is usually observed with an unbalanced 
connection of the deflection plates, that is, when 
one plate in each pair is connected to the second 
anode (see Fig. 16-2). Let, in this connection, an 
alternating voltage of peak value V,, be applied 
to the Y-plates. One of the plates will then be at 
zero potential with respect to the chassis gro- 
und, and the potential at the other will vary 
between +V,, and — V, (Fig. 16-14a). The 
potentials at the various points in the space 
between the plates will vary in a similar fashion. 
During the positive half-cycles of voltage elec- 
trons move through points at potentials in 
excess of V,,. As a result, they gain in velocity 
but the sensitivity of the tube is reduced. During 
the negative half-cycles electrons are slowed 
down because the potential at points between 
the plates are below V,,, and the tube sensitivity 
is increased. As a result, the deflection y, during 
the positive half-cycles is smaller than the 
deflection y, during the negative half-cycles. The 
resultant waveform is nonsinusoidal which is 
another way of saying that nonlinear distortion 
has taken place. 

With a balanced connection, none of the 
plates is connected directly to the chassis ground 
and the second anode, and points of zero 
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Fig. 16-14 


Electron beam deflection in the case of (a) unbalanced and (4) balanced connection of the 
deflection plates 
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potential lie midway between the plates (Fig. 
16-145). At any instant, the plates are at poten- 
tials which are of the same magnitude but 
opposite in sign. When the potential at one plate 
is + 0.5V,,, that at the other is + 0.5V,,. The 
deflection of the beam towards any plate occurs 
under identical conditions, and so y,; =). 
Figure 16-15 shows one of the likely arrange- 
ments for a balanced connection of the def- 
lection plates. The direct voltage used to 
position the light spot initially (positioning 
control) is picked off twin resistors Rg and Ré. 
Their contact arms are moved by the same 
amount with a common knob so that the 
potentials at the deflection plates are changed 
by the same amount but in opposite senses. 

The balanced connection of the deflection 
plates minimizes some other unpleasant conse- 
quences. For example, the light spot is less 
defocused as it moves towards the edge of the 
screen with a balanced connection of the plates. 

An unbalanced connection of the plates more 
distant from the electron gun results in what is 
known as keystone distortion. It arises due to the 
presence of a field on the way of the electrons 
moving from one pair of plates to the other. Let, 
for example, the Y-plates located closer to the 
screen be connected in any arbitrary way and 
fed an alternating voltage, and also let the 
X-plates connected in an unbalanced manner be 
held at zero potential. The screen will then 
display a luminous vertical bar (at / in Fig. 
16-16). 

If we apply a positive potential to the X-plate 
not connected to chassis ground, the bar will be 
shifted towards that plate (at 2 in the same 
figure), but it will become shorter because an 
additional field has been set up between the 
positively charged X-plate and the Y-plates. 
This field somewhat bends the travel paths of 
the electrons and reduces their displacement 
caused by the voltage at the Y-plates. When 
a negative potential is applied to the same X- 
plate, the electrons emerging from the Y-plates 
will be acted upon by an additional retarding 
field which will somewhat increase their despla- 
cement; the luminuous bar on the screen will be 
shifted to the left and become longer (at 3 in the 
same figure). The three bars form a trapezoid 
instead of a rectangular shape. This form of 
distortion is called ‘keystone’ because the shape 
of the pattern displayed on the screen looks like 
the stone laid at the summit of an arch in order 
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Fig. 16-15 


An example of a balanced connection of the deflection 
plates 


Fig. 16-16 
Keystone distortion 


to lock the whole structure together. Keystone 
distortion can be controlled by placing shields 
between the X- and Y-plates or by shaping the 
plates more distant from the electron gun in 
some special manner. 

Current practice is to use a balanced con- 
nection for the deflection plates because it 
minimizes many forms of image distortion. An 
unbalanced connection may be used only when 
the beam is to be deflected in one side only. 


16-8 The Magnetic CRTs 


Magnetically focused and magnetically def- 
lected CRTs are most commonly used as TV 
picture tubes (kinescopes) and as_ indicators 
(displays) in radar. Because the focusing and 
deflecting coils are placed outside the CRT 
envelope, magnetic tubes are simpler in design 
than their electrostatic counterparts (Fig. 
16-17). The electron gun of a magnetic CRT has 
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Fig. 16-17 
Magnetic CRT: structure and graphical (circuit) sym- 
bol 


a cathode, a control grid, and an anode. Some- 
times the job of the anode is done by a conduc- 
tive coating applied to the inside of the envelope 
as in Fig. 16-17a. Some magnetic tubes have 
a screen grid which is placed between the anode 
and the control grid and is held at a positive 
potential of several hundred volts. The electron 
gun is energized in the same manner as it is in 
electrostatic CRTs, but there is no need in anode 
voltage control for focusing purposes. 

The diverging stream of electrons leaving the 
gun enters the magnetic field set up by a focusing 
coil, FC, which is energized with direct current. 
The figure shows a sectional view of the coil. 
Magnetic focusing may be accomplished with 
along coil or a short coil. When a long focusing 
(or focus) coil is used, the electrons travel 
through a uniform magnetic field inside the long 
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coil (Fig. 16-18) and their movement is along 
helical or screw lines. If the electrons leave point 
B on the coil axis, they will cross the axis each 
time around, that is, they will be focused at 
points B,, B,, etc. This is illustrated by projec- 
tions of the travel paths onto a plane at right 
angles to the coil axis. They are circles emerging 
from point B and going back to the same point. 
(The figure shows the paths of only two 
electrons.) 

Long-coil focusing is employed in some spe- 
cial-purpose devices. CRTs use short focus coils 
which act as thin magnetic lenses (Fig. 16-19). 
The motion of electrons in the field of a thin lens 
forms a complicated pattern, so we will consider 
it only approximately. To begin with, let us 
divide the field into two parts (J and IJ) by 
passing a plane through the middle of the coil at 
right angles to its axis. On either side of the 
plane, the magnetic induction (the magnetic flux 
density) decreases along the coil axis. When 
a diverging stream of electrons leaving point 
Benters part J of the field, the travel paths of the 
electrons are curved. In a uniform field, they 
would have been helices or spirals. In our case, 
however, they are far more complex lines owing 
to the fact that the field is anything but uniform. 

In part J of the magnetic field the magnetic 
induction builds up. Therefore, the electron 
paths are curved more, and their curvature is 
a maximum at the boundary between regions 
I and JJ. Past that point, the magnetic induction 
decreases, and the travel paths of the electrons 
are curved less. On leaving the field, the elect- 
rons keep on moving by inertia—now they 
travel in straight lines which cut the tube axis at 
point B,*. As is seen, the electrons travel along 
complicated spatial curves which may arbitra- 


* In some texts, the electrons are erroneously 
shown moving in helices even outside the field. 


Fig. 16-18 
Long-coil focusing 
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rily be called helices or spirals of a variable 
radius. For better insight into how an electron 
moves in such a case, Fig. 16-19 shows projec- 
tions of the trajectory on three mutually perpen- 
dicular planes. Because the electrons travel at 
a high velocity, these trajectories are only small 
fractions of one revolution of a spiral. 

It is customary to enclose the focus coil of 
a magnetic CRT in a magnetically soft steel 
shield (Fig. 16-20). This arrangement enhances 
the magnetic flux density and improves the 
focusing action of the coil. 

The mmf that the focus coil must supply for 
proper focusing is approximately given by 


Fy = Iw © 240(V,d/)}!? (16-9) 


where d= mean coil diameter, cm 
/ = distance from the coil to the screen, 
cm 
V, = anode voltage, kV 
w = number of coil turns 
= coil current, A 

Ordinarily, the focus coil has several hundred 
or even thousand turns. For example, at J = 0.1 
A, d= 6cm,/= 18 cm and V, = 3 kV, its mmf 
will be Fy = 240 A, and it will have w= 
= 240/0.1 = 2400 turns. 

A well-designed shielded coil needs markedly 
fewer turns. A. further improvement is assured 
through control of the coil current with a 
potentiometer. The direction of current in the 
focus coil is of no importance. Sometimes, the 
coil is replaced with a ring-shaped permanent 
magnet, and the focus is controlled by moving 
the magnet along the tube neck or by moving 
a magnetic shunt into which a fraction of the 
total magnetic flux is divided. 

The magnetic deflection of the electron beam 
uses two pairs of coils positioned at right angles 
to each other. For simplicity, Fig. 16-17a shows 
only one pair with a vertically directed field — 
these are the X-coils of the tube. The other pair, 
or the Y-coils, produces a horizontally directed 
field which deflects the beam vertically. 

If we take it approximately that inside the 
tube the field set up by each pair of coils is 
uniform, the electrons may be thought of as 
moving along an arc of a circle with point O as 
centre inside the field, and in straight lines 
outside the field (Fig. 16-21). The electron beam 
is caused to deflect through an angle a and the 
light spot on the screen is displaced through 
a distance y. The vertical deflection sensitivity of 


Part Two. Electron Tubes 


. 


Fig. 16-19 
Short-coil focusing 


Fig. 16-20 


Shielded focusing coils with (a) a wide slot and (4) 
a narrow slot 


{ Phosphor 
screen 


Fig. 16-21 
Beam deflection in the magnetic field of the deflection 
coils 


a magnetic CRT may be defined as the ratio of 
the spot displacement on the screen to the 
magnetizing force that causes this displacement: 


Sy = y/Fy = y/Iywy (16-10) 


The horizontal deflection sensitivity, Sy, is defi- 
ned in a similar manner. 

The deflection sensitivity of state-of-the-art 
magnetic CRTs does not exceed a few tenths of 
a millimetre per ampere. It depends on the 
design of the tube and deflection coils and its 


Ch. 16. Cathode-Ray Tubes 


operating conditions. This relation takes the 
form 
Sy = yl/Va!? (16-11) 
where / is the distance of the coil axis to the 
screen (in mm) and y is a coefficient taking care 
of the coil design, usually equal to 0.1-0.2 V1/? 
Ay. 

For example, if y = 0.15, /= 200 mm and 
V, = 2.5 kV, the vertical deflection sensitivity 
will be 


Sy = 0.15 x 200 x 25007'/? = 0.6 mm A7! 


The value of y for a given type of deflection 
coils can be found by experiment. For this 
purpose, one first finds Sy by Eq. (16-10), then 
measures / and V,, and finally computes y by 
Eq. (16-11). 

The sensitivity of magnetic CRTs is less 
dependent on the anode voltage (V, is the 
radicand) than that of electrostatic tubes. How- 
ever, the two types of tubes ought not to be 
compared in terms of this constant because 
different units are used. 

One way to boost the magnetic field in a CRT 
is to use closed magnetic cores fabricated from 
magnetically soft steel or other ferromagnetic 
materials. At high frequencies, no cores are 
usually employed, and the coils are given some 
special shape. They enclose the tube and pro- 
duce a more uniform field. To minimize magne- 
tic flux leakage, the coils are enclosed in fer- 
romagnetic shields. 

In the past, magnetic focusing would usually 
outperform electrostatic focusing, but in state- 
of-the-art CRTs electrostatic focusing is at least 
as good as is magnetic focusing. With magnetic 
focusing, the CRT is simpler in design because 
the focusing coil or magnet is exterior to the 
envelope rather than placed in the vacuum 
inside the tube. An advantage of electrostatic 
CRTs is the economy of operation because they 
need no power to produce a current in a 
focusing coil. In contrast, magnetic deflection 
calls for a fairly large supply source to energize 
the deflecting coils. On the other hand, magnetic 
deflection simplifies the tube structure and per- 
mits the beam to be deflected through a larger 
angle. As a result, even a large-screen CRT may 
be made a good deal shorter. With magnetic 
deflection, one need not be worried over the 
image distortion described in Sec. 16-7. It is to 
be noted that the inductance of the deflecting 
coils adds to the inertia (time lag) of the 
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deflection process, and so a magnetic deflection 
system cannot show a sufficiently good perfor- 
mance at very high frequencies. The input 
impedance of the deflection coils is small at low 
frequencies, but it is further decreased at high 
frequencies because of the self-capacitance of the 
coils. The input impedance of electrostatic 
CRTs remains sufficiently high even at high 
frequencies. 


16-9 The Fluorescent Screen 


As has been noted, the screen of a CRT is 
given a coat of a material which fluoresces when 
bombarded by electrons. Such a material is 
called a phosphor. To obtain the desired bright- 
ness (intensity), colour and persistence, it is 
usual to add activators to the phosphor mate- 
rial. These activators are most commonly silver, 
manganese, or copper. The long persistence of 
radar CRTs is assured through the use of copper 
as the activator. A silver-activated phosphor 
used in TV picture tubes (kinescopes) produces 
a medium persistence. 

The most commonly used phosphors have the 
following properties. Zinc oxide has a short 
persistence which is important for oscilloscopes 
and produces a violet or green emission colour. 
Various mixtures of zinc sulphide and cadmium 
sulphide produce a bright emission of any 
colour, notably white, with a persistence of 
a fraction of a microsecond to several minutes. 
Phosphors for visual observation are prepared 
from zinc silicate which may be artificially 
prepared or occurring naturally (as the mineral 
willemite) with some manganese added to act as 
the activator. They produce a short persistence 
and their emission colour ranges from green to 
yellow-orange. A blue-violet emission colour 
with a short persistence is produced by screens 
with their phosphor prepared from the tungsta- 
tes of barium, calcium, magnesium, cadmium, 
zine or strontium. 

The intensity (or brightness) of the light 
emitted by a phosphor screen is approximately 
proportional to the square of the potential 
difference between the screen and cathode. In 
other words, it increases with increasing velocity 
of the electrons in the beam. There is a certain 
minimal electron energy that is necessary for the 
emission of light to occur. It ranges from tens to 
hundreds of electron-volts. At lower energies, 
electrons are unable to penetrate the lattice of 
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the phosphor crystals. At energies of several 
kiloelectron-volts the penetration depth does 
not exceed | jum. At low beam-current values the 
brightness of the spot is proportional to the 
current density, but it ceases to increase after the 
latter has reached a certain value (the saturation 
effect). 

The efficiency of a phosphor, defined as the 
ratio of the energy carried by the visible emis- 
sion to the total energy of the impinging elect- 
rons, does not exceed a few per cent. The greater 
part of the beam energy is wasted as heat dissi- 
pated at the screen, expended to knock out 
secondary electrons, and radiated as ultra-violet 
and X-rays. 

The performance of a phosphor screen can 
conveniently be stated in terms of its /uminous 
efficiency (or light output) defined as the lumi- 
nous flux per watt of beam power. The luminous 
efficiency of a phosphor is a maximum when the 
temperature of the phosphor remains in the 
range 0 to 60-80°C. Any further rise in screen 
temperature causes a fall in the luminous effici- 
ency; at 400°C there is no light emission at all. 

It takes a certain time for a phosphor screen 
to come up to its full emission after electron 
bombardment has begun. This is known as the 
excitation time of a phosphor. After the bom- 
bardment has.ceased, it again takes some time 
for the screen emission to decay. This is known 
as the persistence of a phosphor. At first, the 
emission decays at a high rate, then it falls off 
exponentially. This exponential decay characte- 
ristic is described by the term ‘time constant’, and 
it is the time required for the intensity of 
emission to fall to 1/e of its initial value (at the 
time when the excitation ceases). In Soviet 
practice, the time constant is often referred to as 
the time for the intensity to decrease to 1% of 
the initial value. The persistence of a phosphor 
may be very short (less than 10~* s), short (from 
10~> to 0.01 s), medium (from 0.01 to 0.1 s), long 
(from 0.1 to 16s), and very long (over 16 s). 

An important factor in the operation of 
a phosphor is secondary electron emission. The 
secondary emission ratio o depends on the 
primary-electron energy which is in turn de- 
pendent on the screen potential V, with respect 
to the cathode. It is a maximum when the 
impinging electrons have an energy of several 
hundred electron-volts, following which it de- 
creases (Fig. 16-22). A screen will produce a 
steady glow if its potential remains constant. 
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Fig. 16-22 


Secondary emission ratio of a phosphor as a function 
of primary-electron energy 


This can happen only when the number of 
electrons arriving at the screen is equal to that of 
secondary electrons ejected from the screen. 
This is a steady state condition. Obviously, 
phosphors with o < | are not suited for screens. 
A good phosphor should have o > 1. 

So long as the screen potential stays at below 
V,, no emission can take place because at o < | 
the screen potential will further be brought 
down by impinging electrons. If the screen 
potential is anywhere between V, and V,, then 
o will be greater than unity, and the screen will 
have a steady-state potential by several volts 
higher than that of the second anode and of the 
Aquadag coating connected to it. In the cir- 
cumstances, the secondary electrons will see 
a retarding field which will drive some of them 
back to the screen. The remaining secondary 
electrons will be able to reach the Aquadag 
coating because they have higher initial veloci- 
ties. The current constituted by the secondary 
electrons is equal to the beam current. Because 
the Aquadag coating and the screen are usually 
at high potentials with respect to the cathode, 
we may deem that, on neglecting a difference of 
a few volts, they are at the same potential. 

If, on the other hand, the initial screen 
potential V, is higher than V,, the impinging 
electrons will bring it down to a value very close 
to the second-anode potential V,, because the 
number of arriving primary electrons is equal to 
that of ejected secondary electrons. The poten- 
tial V, is the highest attainable one for a given 
phosphor; it is called the critical potential for the 
phosphor. It differs from one phosphor to 
another and ranges anywhere between 5 and 35 
kV. The value of critical potential is a vital factor 
for CRTs. The higher its value, the greater the 
velocity that the electrons can attain in the 
beam, and the brighter the image seen on the 
screen. 

Obviously, it would not pay to set V,, above 
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the critical potential V, because the velocity of 
electrons as they strike the screen is decided by 
V, and not by V,,. For example, if V,, = 10 kV 
and V, = 6 kV, electrons will leave the second 
anode with an energy of about 10 keV, but on 
their way from the anode through the retarding 
field to the screen they will lose 4 keV and will hit 
the screen with an energy of 6 keV. But the same 
situation would exist at V,, = 6 kV. 

Electron bombardment gradually reduces the 
light output of the phosphor screen, but the 
original value of light output is restored if the 
screen is allowed to ‘rest’. When a CRT has been 
in operation non-stop for a long time, a nonre- 
versible degradation of light output occurs, 
known as the phosphor burn. The areas on the 
screen that have been bombarded by electrons 
most of all grow darker in proportion to the 
beam power. An increase in the beam current 
density aggravates the phosphor burn more 
than an increase in the electron velocity. There- 
fore, it is more advantageous to use a higher 
anode voltage at a lower beam current. It is to be 
recalled that a rise in V,, improves focusing as 
well. 

It is desirable that the image presented on the 
screen have a just-sufficient brightness. Care 
must be taken to avoid a very bright but 
stationary spot appearing on the screen as this 
would lead to the phosphor burn. If it carries 
enough power, a stationary electron beam may 
well melt the glass. 

The phosphor deteriorates when bombarded 
by the negative ions that are emitted by an oxide 
cathode along with electrons. Larger in mass, 
the ions retain a nearly straight-line travel path 
despite the action of magnetic field. Therefore, in 
magnetic CRTs the ions travel as an unfocused 
stream and bombard one and the same central 
part of the screen all the time, thus producing 
a dark ion spot. To avoid it, resort is made to 
electron guns that incorporate an ion trap (see 
Sec. 16-10). 

Within the ion spot, the surface layer of the 
phosphor is completely burned. If we raise the 
anode voltage, the electrons will move deeper 
into the phosphor and elicit an intensive fluores- 
cence. This can remove the ion spot completely 
or in part for some time. Of course, the anode 
voltage ought not to be raised above its absolute 
maximum (or safe) rating. In electrostatic CRTs, 
ions are focused and deflected similarly to 
electrons, so no ion spot is formed on the screen. 


With time, however, the emissivity of the screen 
deteriorates, the critical voltage is brought 
down, and this leads to a lower brightness. 

The performance of the screen can be impro- 
ved by giving it a coat of aluminium 0.1-0.2 1m 
thick on the side facing the beam. The alumi- 
nium coating is connected to the conductive 
Aquadag coating. Aluminized screens offer a 
number of advantages. For one thing, secondary 
emission from the phosphor is no longer needed. 
The conductive aluminized backing provides an 
easy path for the electrons emitted by the screen 
to enter the second-anode circuit. Therefore, the 
critical voltage at the screen may be a good deal 
higher than for an unaluminized screen. In 
consequence, the electrons inside the CRT can 
travel at higher velocities, and this leads to 
a greater brightness. The brightness is enhanced 
still more by the reflection of light from the 
aluminium backing. The slower ions are unable 
to break through the aluminium backing, and 
no ion spot can be formed. In contrast, the faster 
electrons readily move through the aluminium 
film into the phosphor, although they lose some 
of their energy in the process. 

Aluminized phosphor screens are used in 
CRTs operated at high anode voltages. At low 
anode voltages it is not warranted to use an 
aluminized phosphor screen because too much 
of the electrons’ energy would be lost in 
breaking through the aluminium. 

The image displayed on the screen should 
preferably be maximally sharp, crisp, and of 
proper contrast. Unfortunately, the objective 
cannot always be achieved owing to several 
factors. Contrast may be impaired by extrane- 
ous light falling on the screen, unless the picture 
is watched in a darkened room. The reduction in 
contrast leads in turn to the appearance of 
a halo, a ring of light around the luminous spot 
on the screen, thereby impairing sharpness. 
Sometimes, two or more halos may be seen. 
How a halo is brought about is explained in 
Fig. 16-23. The bulk of the light rays emitted by 
the spot passes outside through the glass, but the 
rays incident at large angles to the outer surface 
of the glass experience a total internal reflection, 
go back to the phosphor and spread in it, giving 
rise to a halo. Some of these rays may again 
experience a total internal reflection and give 
rise to a second halo, etc. 

Contrast may markedly be reduced owing to 
the reflection of light from the inside of the flared 
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part of the envelope (Fig. 16-24a). This can be 
avoided by giving the tube envelope some 
special shape (Fig. 16-245 and c). 

The rays emitted by the light spot may 
directly illuminate the screen owing to its cur- 
vature (Fig. 16-25). This drawback would be 
nonexistent in a CRT with a flat screen. How- 
ever, the faceplate of large CRTs has to be made 
slightly convex so that the tube envelope could 
stand up to the higher atmospheric pressure. 
This illumination by light rays from the spot 
does not occur in CRTs with an aluminized 
phosphor screen because the aluminium does 
not let light pass inside the tube. Scattered 
electrons produced by secondary or electrosta- 
tic emission from the electrodes may also cause 
a faint fluorescence of the phosphor. 


16-10 Basic Types of CRTs for 
Oscilloscopes and TV 


Oscilloscopes mainly use electrostatic CRTs. 
Radar and sonar indicators ordinarily employ 
magnetically deflected CRTs in which the beam 
deflection may be magnetic or electrostatic. In 
radar and sonar indicators, target presentation 
is usually by intensity modulation: the target 
echo is applied to the control grid and turns on 
(‘unblanks’) the tube. Owing to magnetic deflec- 
tion, these tubes suffer less from nonlinear 
distortion and their beam is better focused even 
at large deflection angles. Sometimes, double- 
beam CRTs are used in which each tube encloses 
two electrode structures in a common envelope 
and permits visual observation of two events at 
the same time. 

TV picture tubes, or kinescopes, are usually 
made with magnetic deflection while the fo- 
cusing system may be magnetic or electrostatic. 
Magnetic deflection improves focus and enhan- 
ces brightness because a markedly higher anode 
voltage may be used. Some kinescopes come 
enclosed in metal-glass envelopes. 

Many kinescopes have ion traps (or beam 
benders) which prevent negative ions from rea- 
ching the screen and burning a spot in it. As 
a rule, ion traps operate by separating the ion 
stream from the electron stream with the aid of 
a magnetic field. One design of the ion trap is 
shown in Fig. 16-26. The axis of the cathode, 
control grid and screen grid makes an angle with 
the tube’s axis, and the anode’s axis makes 
a kink. On entering the anode, the stream of 


Part Two, Electron Tubes 


Fig. 16-23 
The formation of a halo around the light spot 


(a) 
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Fig. 16-24 


Effect of the envelope shape on the reflection of light 
from its walls 


’ 
Fig. 16-25 


Stray illumination of a spherical screen by rays from 
the light spot 


negative ions (the full lines) and of electrons (the 
dashed lines) find themselves in the transverse 
field of a permanent magnet (the shaded area). 
The heavier ions are not practically deflected by 
the magnetic field and reach the anode. The 
electron paths, however, are bent, and the 
electrons leave the anode through the hole in its 
end. The permanent magnet of the ion trap is 
placed externally to the tube, and its optimal 
position is found by trial and error. 
State-of-the-art kinescopes have a rectangu- 
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lar screen and a beam deflection angle of 110°. 
Because of the large deflection angle, they are 
shorter than the older 70-deg tubes. 


16-11 Shaped-Beam Character Display 
Tubes 


Recent years have seen a growing interest in 
shaped-beam tubes used to display letters, num- 
bers, and symbols at rates compatible with 
readout from digital computers. The informa- 
tion displayed on the tube face may be viewed 
directly on a real-time basis or it may be 
recorded on film or other media for later 
analysis. 

In addition to their use as character displays, 
shaped-beam CRTs can be used in what may be 
called the ‘spot-writing’ mode which allows 
regular raster scan or PPI displays (such as used 
for radar or sonar ship-borne equipments) to be 
presented. 

One representative of this class of CRTs is the 
Charactron which is the trade name that Gene- 
ral Dynamics/Electronics (USA) uses for a spe- 
cially designed cathode-ray tube capable of 
displaying alphanumerical characters and other 
special symbols directly on its screen. 

The way the Charactron can be used in a net 
of radar stations is shown in Fig. 16-27. Several 
radars (or sonars) are connected to a computer 
which processes raw data about objects (or 
‘targets as they are usually called in radar and 
sonar parlance). The signals generated by the 
computer drive a device that controls the Cha- 
ractron. The various targets detected by the 
radars (or sonars) are displayed on the Cha- 
ractron screen as an array of letters, numbers, 
etc. Several targets are thus displayed at the 
same time, with the arrays located on the screen 
according to the targets’ coordinates and mo- 
vements (Fig. 16-28). In this way, a single 
Charactron can perform the situation surveil- 
lance function earlier performed by several 
individual radar scopes. 

The relative location of the elements in one 
type of tube is shown in Fig. 16-29. The electron 
beam shown as a dashed line is generated by an 
electron gun, EG. The two pairs of deflection 
plates, called the selection plates (SP), guide the 
beam onto a matrix or mask, M, a metal plate in 
which openings are cut to the shape of various 
characters. There may be as many as several tens 
of openings, with their size not exceeding a few 
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Fig. 16-26 
Ion trap 


Fig. 16-27 


Block diagram ofa radar and a sonar equipment using 
a Charactron-type CRT 
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Fig. 16-28 
Pip arrays on the screen of a Charactron 


tenths of a millimetre, which is somewhat smal- 
ler than the beam diameter. Selection of the 
desired character is accomplished by means of 
a code from a computer. The code is fed into 
selection decoders which convert the input 
information into X and Y deflection voltages. 
These voltages, after passing through amplifiers, 
are applied to the deflection plates and cause the 
electron beam to deflect to one of the character 
positions in the matrix. 

On passing through the matrix, the beam is 
deflected away from the tube axis. If the beam 
were not returned to the optical axis, a nonuni- 
form display would result on the screen. To 
overcome this, two more elements are added. 
They are the convergence coil, CC, and the 
correction plates, CP. The magnetic field of the 
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Fig. 16-29 
Structure of the Charactron 


convergence coil re-directs the electron beam 
towards the optical axis, and the correction 
plates supply the correction necessary to re- 
direct the beam along the optical axis and 
through the reference plates, RP. Of course, the 
voltages across the CC, CP and RP are matched 
with that across the SP. The convergence coil 
has additional windings to make up for the tilt of 
the characters due to the action of the magnetic 
field set up by the main coil. 

Deflection of the shaped beam to the desired 
position on the tube face is accomplished by an 
address deflection yoke, ADY. The electron gun 
of the Charactron operates at a relatively low 
voltage, so the electrons in the beam travel at 
a moderate velocity. For this reason, the beam 
can be deflected with a moderately high voltage 
and current, and this simplifies the tube design. 
The brightness of the displayed characters is 
enhanced by post-deflection acceleration. The 
post-deflection accelerating anode is made in 


the form of a high-resistance conducting helica! 
layer and is therefore called the helical accelera- 
tor, HA. The post-deflection accelerating vol- 
tage rises from one turn of the helix to the next. 
and this minimizes character distortion on the 
screen. 

There are other types of shaped-beam cha- 
racter display tubes in which the deflection 
plates are replaced with deflection coils or the 
deflection coils are replaced with deflection 
plates and which use some other elements. 

The screen diameter of a shaped-beam cha- 
racter display tube may be several tens of 
centimetres. The characters as they appear on 
the screen may be as large as 2.5-3.5 mm. To 
avoid flickering, the displayed array is projected 
at a rate of 15-20 times per second. 

The rates at which state-of-the-art shaped- 
beam character display tubes can operate along 
with the associated computer may be as high as 
tens of thousands of characters per second. 


Chapter Seventeen 


Gas-Discharge and Indicator Tubes 


17-1 Gaseous Discharges 


Gas-discharge (gas-filled or, simply, gas) tubes is 
the name used to describe partially evacuated 
electron tubes containing a small amount of gas. 
Ionization of this gas is responsible for the 
current flow in such tubes. In fact, this ionization 
is only a part of the more general process known 
as a gaseous discharge. When a discharge occurs 
in a gas (or, which about the same, a vapour), 


several fundamental events take place there. 
Excitation. When an electron hits an atom. 
one of the latter’s electrons is driven to an orbit 
more distant from the atomic nucleus, that is, to 
a higher energy level. The target atom is then 
said to be in an excited state. This excited state 
lasts usually for 10~7-10~° s, following which 
the electron falls back to its normal orbit (or the 
normal energy level). In doing so, it gives up the 
energy it has received from the incident electron 
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as a packet of radiant energy. The emission of 
radiation will be accompanied by a glow if the 
radiant energy falls within the visible portion of 
the electromagnetic spectrum. 

For an atom to be excited, the impinging 
electron must possess a certain energy called the 
excitation energy. 

Ionization. When an impinging electron car- 
ries more energy than is necessary for excitation, 
the target atom loses an electron and turns into 
a positive ion, with two free electrons existing in 
the interatomic space. If these two electrons 
acquire enough energy while moving through 
an accelerating field, each will be able to turn 
into an ion, or ionize, one more atom. This will 
produce four free electrons and three ions. Each 
of these electrons may again ionize one more 
atom, and so on. In this way, the number of free 
electrons and positive ions grows in a cumula- 
tive, avalanche-like manner. 

Ionization may also occur in a stepped fash- 
ion. Hit by an electron, an atom moves into an 
excited state and is further ionized by a second 
electron before it has time to fall back to its 
normal state. 

The increase in the number of charged parti- 
cles in a gas owing to ionization is called gas 
amplification. 

The excitation and ionization energies (in 
electron-volts) for some gases are given below. 
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Recombination. The ionization of a gas is 
accompanied by a reverse process—the simul- 
taneous elimination of both an electron and an 
ion. The positive ions and the electrons in a gas 
are in a haphazard (thermal) motion. When an 
ion and an electron approach each other closely 
enough, they may combine (or, rather, recom- 
bine) to form a neutral atom. This is promoted 
by the mutual attraction of unlike charged 
particles. Quite logically, this process is termed 
recombination. The neutral atom emerging from 
recombination may again be ionized, and the 
resultant positive ion and electron may again 
recombine, etc. 

Recombination leads to a reduction in the 
number of charged particles, that is, the de- 
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ionization of the gas. In fact, there may be either 
an increase or a decrease in the number of 
charged particles at any given instant, according 
as ionization or recombination gets the upper 
hand. In a steady state the number of electrons 
(or ions) produced every second due to ioniza- 
tion is equal to the number of neutral atoms 
produced by recombination. Notably, ioniza- 
tion prevails over recombination when an elec- 
tric discharge occurs in the gas. As the discharge 
decays, recombination prevails over ionization. 
When the discharge ceases completely, ioniza- 
tion occurs no more, and recombination res- 
tores the gas atoms to their neutral state. 

Since some energy is expended to bring about 
ionization, the positive ion and the electron it 
produces have between them a greater amount 
of energy than a neutral atom. This is the reason 
why recombination is accompanied by the re- 
lease of radiant energy. As a rule, there is 
a visible glow of the gas. 

It takes some time for recombination to take 
place, and so an ionized gas will usually be 
de-ionized in a matter of 10~°-10~? s. Because 
of this, gas tubes show a greater time lag, or 
inertia, than do vacuum tubes, and they are 
therefore unable to operate at high frequencies. 
The basic cause of this time lag is the low rate of 
de-ionization (a discharge occurs in 10~7-10~° 
s—thus a gas is electrified a good deal faster). 


17-2 Forms of Gaseous Discharge 


Above all, gaseous discharges may be se/f-sus- 
tained (or self-maintained) and nonself-sustained 
(or nonself-maintained). A_ self-sustained dis- 
charge is maintained solely by the action of 
voltage. A nonself-sustained discharge can only 
exist on the proviso that the action ofa voltage is 
supplemented by some other extraneous factors. 
They may be light, ionizing radiation, therm- 
ionic emission from a hot cathode, etc. 

Both types of discharge can exist in several 
forms. Some of them are briefly described below. 

Dark (or silent) discharge is a nonself-main- 
tained discharge. It is characterized by a current 
density of several microamperes per square 
centimetre and by a space charge of a very low 
density. The field set up by the applied voltage in 
the case of a dark discharge does not practically 
depend on the density of the space charge so the 
effect of the latter may be neglected. There is 
usually no glow of the ionized gas. This form of 
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discharge is not utilized in gas-filled tubes for 
electronic circuits, but it precedes other forms of 
discharge. 

Glow discharge is a self-maintained discharge. 
As its name implies, this discharge has a soft 
glow of light not unlike that of smouldering 
charcoal. The current density in a glow dis- 
charge is units or tens of milliamperes per square 
centimetre and there is a space charge markedly 
affecting the electric field between the electrodes. 
For a glow discharge to take place the voltage 
must be tens or even hundreds of volts. The 
discharge is maintained by the emission of 
electrons from the cathode bombarded by ions. 

This type of discharge is mainly used in 
voltage stabilizer (voltage regulator or voltage 
reference) diodes, glow-discharge lamps, glow- 
discharge (cold-cathode) thyratrons, character- 
display tubes, and decade-counting tubes. 

Arc discharge may be self-sustained and non- 
self-sustained. It involves current densities 
greatly in excess of those encountered in glow- 
discharge devices. Devices using a nonself-sus- 
tained arc discharge include gas-filled rectifier 
diodes and hot-cathode thyratrons. Mercury- 
arc tubes (of the excitron type) and ignitrons 
which have a mercury-pool cathode, and also 
triggered spark gaps utilize a self-maintained arc 
discharge. > 

In an arc-discharge device the current density 
may be several hundred amperes per square 
centimetre and the space charge strongly affects 
the events taking place in the gas. The arc 
discharge is sustained by thermionic emission 
from a hot solid cathode or electrostatic emis- 
sion from a mercury-pool (liquid) cathode. Du- 
ring an arc discharge, nearly all of the voltage 
(10-20 V) is concentrated near the cathode. 
A low voltage drop in combination with a heavy 
current is typical of the arc discharge. It is 
accompanied by an intensive glow of the gas. An 
arc discharge may take place not only at a 
reduced pressure, but also at the normal or an 
elevated pressure, such as in cine projectors and 
searchlights. 

Spark discharge is not unlike an arc discharge. 
It is a short-duration (pulse) electric discharge 
which can take place at a relatively high (say, 
atmospheric) pressure. As a rule, a spark is 
a series of pulse discharges following one 
another. This type of discharge is utilized in 
spark gaps used to make and break some 
circuits temporarily. 
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High-frequency discharges can occur in a gas 
under the action of an alternating electromag- 
netic field even if there are no current-conduct- 
ing electrodes. 

Corona discharge 1s a self-sustained discharge. 
It is utilized in gas-filled voltage regulator (VR) 
tubes. It takes place at relatively high pressures 
when at least one of the electrodes has a pointed 
tip or a small curvature or is made in the form of 
a fine wire. The field between the electrodes is 
then nonuniform, and the field intensity increa- 
ses enormously at the pointed electrode. As a 
rule, this is the anode. The corona layer emits 
photons (quanta of radiant energy), and these 
ionize the gas at the boundary between the 
corona layer and the outer region, thus pro- 
ducing free electrons. The electrons move 
towards the anode, and excite (ionize) other 
atoms on their way there. In the outer region 
which remains dark, neither excitation nor 
ionization occurs because the field is of low 
intensity, and there is only a flow of particles 
charged similarly to the corona electrode, that 
is, positive ions. 

Because a corona discharge affects only a part 
of the discharge space, it is regarded as an 
incomplete breakdown of the gas (a complete 
breakdown occurs in the case of a spark or arc 
discharge). As the voltage drop across the 
electrodes is increased, the current builds up, the 
corona layer expands, and the corona turns into 
a spark discharge if the pressure of the gas is 
considerable, or into a glow discharge if the gas 
pressure is low. 


17-3 Glow Discharge 


We will examine the glow discharge that takes 
place between two parallel-plane (flat) electro- 
des as shown in Fig. 17-1. In the absence of a 
discharge when there is no space charge, the field 
is uniform and the potential between the electro- 
des is distributed in a linear fashion (curve /). In 
a vacuum tube, thermionic emission gives rise to 
a negative space charge which sets up a potential 
barrier near the cathode (curve 2). This barrier 
does not allow the anode current to rise high. In 
a gas-filled glow-discharge tube, a positive space 
charge is set up by a large number of positive 
ions. It causes the potential in the anode-cath- 
ode space to shift in the positive direction. The 
potential diagram ‘flexes’ downwards (curve 3). 
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As is seen, the potential distribution in a 
gas-filled tube is such that nearly all of the anode 
voltage is applied to a thin layer of gas at the 
cathode. This is the cathode fall of potential 
region (I). A strong accelerating field is thus 
produced at the cathode. The anode is as it were 
moved closer to the cathode. The role of the 
anode is played by the positive ion cloud 
shadowing the cathode. As a result, the effect of 
the negative space charge is neutralized and 
there is no potential barrier at the cathode. 

The other region of the glow discharge space 
(I) is characterized by a small voltage drop, and 
the field in this region is of low intensity. This is 
the electron-ion plasma region. Generally, a 
plasma is a heavily ionized gas in which the 
positive ions and the negative electrons are 
roughly equal in number. In a plasma, the 
haphazard (thermal) motion of particles prevails 
over their ordered motion. Still, the electrons 
move towards the anode and the ions towards 
the cathode. 

The field forces acting on the electrons and 
ions are equal in magnitude but opposite in 
direction because the respective charges are 
equal in magnitude but opposite in sign (as will 
be recalled, the force exerted on a charge e is 
F = eE, where E is the field strength). However 
an ion has a mass which is thousands of times 
that of an electron. Even for the lightest gas, 
hydrogen, the mass of a positive ion is 1840 
times the mass of an electron. Therefore, the ions 
are accelerated less and acquire relatively low 
velocities. In consequence, the current in a 
gas-filled tube is practically constituted by elec- 
tron movement. The share of the ion current is 
very small and it may be neglected. The ions do 
a job of their own: they produce a positive space 
charge which substantially exceeds the negative 
space charge and eliminates the potential bar- 
rier at the cathode. 

The cathode fall of potential region plays an 
important role. The ions entering this region 
from the plasma are accelerated. Impinging on 
the cathode at a high velocity, they knock 
electrons out of it. This process is essential for 
the discharge to be sustained. If the ions were 
too slow, no electrons would be emitted, and the 
discharge would cease. Emitted by the cathode, 
the electrons are likewise accelerated in the 
cathode fall of potential region and are capable 
of ionizing the gas atoms. Since electrons collide 
with gas atoms in various parts of the plasma 
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Fig. 17-1 
Potential distribution between the electrodes (/) in the 


absence of an electric discharge, (2) in a tube, and (3) 
a gas tube in the case of a glow discharge 


region, ionization takes place throughout the 
gas volume. Of course, it is accompanied by 
recombination. 

It is important to remember that only a small 
proportion of the ions produced in the plasma 
bring about electron emission from the cathode. 
Most ions recombine with electrons and fail to 
reach the cathode. When a glow discharge 
occurs, the number of ions hitting the cathode 
every second is such that they knock out as 
many electrons as were ejected during the 
previous second. These newly ejected electrons 
produce in the plasma as many ions as appeared 
there during the previous second, and again a 
certain proportion of these ions reaches the 
cathode to knock out of it the previous number 
of electrons per second. This chain of events 
repeats itself every second and sustains the glow 
discharge at a certain value of current. 

The glow discharge has a soft glow of light at 
the cathode. This glow increases, expands and 
finally occupies all of the plasma with rising 
current. 

A glow discharge can exist if the voltage drop 
across the diodes is not below a certain value. If 
the voltage drop is not high enough, the ions 
hitting the cathode will be unable to knock any 
electrons out of it. A nonself-sustained dark 
discharge turns into a self-sustained glow dis- 
charge at a certain breakdown voltage which in 
this case is the firing, starting or striking poten- 
tial, Vey. 

The striking potential V,, is a function of the 
gas used, its pressure, the material and separa- 
tion of the electrodes. It is lower for an activated 
cathode. Figure 17-2 is a plot relating the 
striking potential Y, to the product of the gas 
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pressure p and the electrode separation d. This 
plot is usually called the glow-discharge chara- 
cteristic. The minimum value of striking poten- 
tial, Vi min, Corresponds to a value of the 
product pd which may arbitrarily be called 
optimal. In many gas-filled tubes, it is more 
advantageous to use other operating condi- 
tions. 

The shape of the plot in Fig. 17-2 may be 
explained as follows. Let the electrode separa- 
tion or spacing, d, be constant. Then at a very 
low pressure the occurrence of a discharge will 
be impeded because few electrons collide with 
atoms. As a result, few ions are produced, and 
they do not knock a sufficient number of elec- 
trons out of the cathode. The applied voltage 
has to be raised so that the ions could acquire 
a sufficiently high velocity and knock out a 
sufficient number of electrons. At a higher gas 
pressure, electrons collide with gas atoms too 
often and fail to come up to the velocity required 
for ionization to take place. As a result, too few 
ions are produced. An increase in the applied 
voltage raises the energy of the electrons, boosts 
the ionization, and leads to the occurrence of 
a glow discharge. As is seen, V,, has to be raised 
both when the gas pressure is low and high. At 
some medium, pressure, on the other hand, 
a certain minimal value of V,, is sufficient. 

When the gas pressure is held constant and 
the electrode spacing is very small, most elec- 
trons reach the anode without colliding with the 
gas atoms. Few ions then are produced and 
a higher voltage has to be applied so that they 
could knock a sufficient number of electrons out 
of the cathode. When the electrode spacing d is 
very large, the field strength is reduced. On their 
way to the cathode, electrons collide repeatedly 
with gas atoms and fail to acquire the energy 
required for ionization. The applied voltage has 
to be raised to a value such that between two 
consecutive collisions an electron could fall 
through a potential difference which is not less 
than the ionization potential. Thus, V,, has to be 
raised both when the electrode spacing dis small 
and large. At some medium value of d, a certain 
minimal value of V,, will suffice. Each gas has 
a characteristic of its own, similar to that shown 
in Fig. 17-2. 

The voltage-current characteristic of the glow 
discharge is measured, using the set-up shown in 
Fig. 17-3. The dot on the graphic symbol of 
a gas-filled tube indicates that its envelope is 
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Fig. 17-2 


Fig. 17-3 


Test set-up to measure the current-voltage charac- 
teristic of a gas tube 


filled with a gas. At one time, the tube symbol 
was shaded to indicate this fact. 

In a circuit, a gas-filled tube should be 
connected in series with a current-limiting resis- 
tor, Rim Of a proper value. If this resistor has 
too high a value (tens or even hundreds of 
megohms), a supply voltage of several hundred 
will produce a dark discharge because the 
current will not exceed several microamperes. 
At a substantially lower value of Rim, glow 
discharge will take place, provided the supply 
voltage is not less than Vy. 

A further decrease in the value of Rij may 
lead to an arc discharge. This is an undesirable 
occurrence for glow-discharge tubes designed 
for a current of not more than several tens of 
milliamperes. When an arc discharge occurs, the 
current rises many times, and the tube may fail. 
If a gas-filled tube is connected to a high- 
voltage, low-resistance source directly, that is, 
without Rim, this will likewise lead to an arc 
discharge. The current will mainly be limited by 
the internal resistance of the source because the 
resistance of a gas tube under conditions of an 
arc discharge is very small. The source will be 
short-circuited, the current will rapidly rise to 
a prohibitively high value, and the tube may be 
destroyed. 

In the circuit of Fig. 17-3, the job of a 
current-limiting resistor is in part done by the 
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upper section of the potentiometer R. But if the 
tube is not to be directly connected to the 
voltage source when the contact arm of the 
potentiometer is in its topmost position, it is 
important to add Rim. 

Because the gas tube and Rj, are series- 
connected, E, is the sum of the voltage drops 
across the tube and the resistor: 


E, = V, + Vp (17-1) 


The voltage-current characteristic of a glow- 
discharge tube is shown in Fig. 17-4. The cur- 
rent is laid off as abscissa, and the voltage as 
ordinate for a better presentation of variations 
in voltage. Of course, the plot might be construc- 
ted the other way around, that is, with the 
current laid off as ordinate and the voltage as 
abscissa as is customary for vacuum tubes. 

When the applied voltage is raised just above 
zero, a very weak current begins to flow. This is 
the dark discharge space, J. The dark-discharge 
current is very small, and it is plotted on a larger 
scale than the rest of the plot (in microamperes). 

Point A is where a glow discharge occurs (this 
is the breakdown, starting or striking point). It 
corresponds to the striking potential V,,. A glow 
discharge is brought about abruptly. The mini- 
mum current at which a glow discharge is still 
possible is many times the dark-discharge cur- 
rent. The voltage drop across the tube decreases 
likewise abruptly by several volts or even more 
owing to a re-distribution of E, between the d.c. 
resistance Ry of the tube and Rim. 

During the dark discharge, Ry is substantially 
greater than Rj which is chosen so that a glow 
discharge can be produced. Under a dark dis- 
charge, practically all of E, is impressed on the 
tube, and the voltage drop across Rjjm is zero 
very nearly. When a glow discharge occurs, the 
current suddenly rises and produces a notice- 
able voltage drop across Rjjm. Because of this, 
the voltage drop across the tube, V,, is abruptly 
brought down. In other words, when a glow 
discharge occurs, Ro is drastically reduced and 
becomes comparable with Rjjm. The supply 
voltage E, is re-distributed so that a marked 
proportion of it is dropped across Rjjm and V, is 
reduced to the same extent. Before a glow 
discharge, V, + E,. After a glow discharge has 
occurred, V, = E, — i,Rjim- It is to be noted that 
E, immediately before a glow discharge is 
practically the same as it is immediately after 
a glow discharge has occurred. The point is that 
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Fig. 17-4 


Current-voltage characteristic of the dark discharge 
(region J) and the glow discharge (regions IJ and J//) 


if E, is nearly equal to Vy, a very small increase 
in £, is enough to cause a glow discharge. 

Thus, the fact that a glow discharge has taken 
place is indicated by an abrupt rise in current 
and an abrupt fall in voltage as read from the 
instruments. There is also a glow of light at the 
cathode. On the plot, the occurrence of a glow 
discharge is represented by the region AB which 
cannot be plotted point-by-point; it can only be 
observed visually on an oscilloscope. 

When plotting the voltage-current characte- 
ristic of a glow discharge tube, the voltage at 
point B, which is the maintaining potential for 
a glow discharge, is sometimes mistaken for V,,. 
Actually, however, the latter is the highest 
potential that can be observed when the supply 
voltage is raised before it falls abruptly. In 
contrast, the position of point B depends on the 
value of the current-limiting resistor. As the 
resistance of this resistor is reduced, the current 
rises, and point B shifts to the right. 

After a glow discharge has been established, 
the rise in the applied voltage, E£,, is accom- 
panied by an interesting event. The current 
rises, but the voltage drop across the tube 
increases only slightly until the current exceeds 
its maximum value, Imax (point C). This nearly 
constant voltage is known as the normal cathode 
fall of potential (region IJ). In this region (often 
called the Crookes dark space) the current flows 
through a part of the cathode’s surface area, and 
there is a faint glow of light only in that part of 
the cathode. At a low current, only a small 
fraction of the cathode’s total area is covered 
with the glow. When the current is increased, the 
area of glow on the cathode increases in propor- 
tion to the current, but the cathode current 
density remains unchanged. At Imax, all of the 
cathode’s surface is covered with glow. 
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The normal cathode fall of potential is utilized 
in voltage regulator or voltage reference (VR) 
tubes. This mode of operation has a number of 
special features. Let the surface area of the 
cathode be substantially larger than that of the 
anode and let there be a suitable current-lim- 
iting resistor connected in the circuit (Fig. 17-5). 
Then, a relatively low current will be flowing 
around the circuit after a discharge occurs. This 
may be a glow discharge, provided the cathode 
current density is not too low. It is only then that 
a sufficient number of electrons can be knocked 
out of the cathode. The discharge does not cover 
all of the cathode’s surface, and there is a current 
flow only through a part of it (shown shaded in 
the figure), so that the current density is high 
enough and a glow discharge can be maintained. 

The voltage drop across the tube is 


A = 1,Ro 


where R, is the resistance presented by the 
ionized gas between the anode and the cathode’s 
portion covered by the glow. This gas acts as 
a conductor which has the shape of a cone. If we 
raise the applied voltage, the current will in- 
crease, and the cathode’s area covered by the 
glow will increase in proportion. As a result, the 
cross-sectional area of the gaseous ‘conductor’ 
will be greater, and R, will decrease to the same 
extent. Thus, R, decreases in the ratio as i, 
increases and the product i, Ry remains constant 
(actually, it increases somewhat). 

This condition will persist so long as the glow 
covers less than the total surface of the cathode. 
When the area of glow covers all of the cathode, 
a further rise in £, will raise the current but the 
area of glow cannot be increased any longer. In 
this condition, an increase in the number of 
electrons knocked out of the cathode is only 
possible at the cost of an increase in the energy of 
the ions bombarding the cathode, and this calls 
for a higher applied voltage. The cathode cur- 
rent density is increased, but Ry no longer 
decreases in proportion to the rise in current, 
and the product i, Rp (that is, the voltage drop 
across the tube) is increased, and there is then an 
abnormal cathode fall of potential (region ITT in 
the plot of Fig. 17-4). 

Nevertheless, Ry is somewhat decreased as 
the current rises because there are more ions and 
electrons per unit volume of the gas. However, 
this decrease is not so marked as in the case of 
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Fig. 17-5 


Measuring the effective area of the cathode at the 
normal cathode fall of potential 


Fig. 17-6 
Current-voltage characteristic of a VR tube 


the normal cathode fall of potential, and so V, 
rises. The glow also gains in intensity and it 
extends through an ever greater volume of the 
plasma. The abnormal cathode fall of potential 
is utilized in gas-discharge lamps and indicator 
tubes. 

If we kept on rising the applied voltage, the 
current in and the voltage drop across the tube 
would build up until an arc would strike sud- 
denly. However, an arc discharge would usually 
destroy a glow-discharge tube, so it must be 
avoided. 


17-4 Voltage Regulator Tubes 


Voltage regulator, or voltage reference (VR) 
tubes may be of the glow discharge type and of 
the corona discharge type. Use is most com- 
monly made of glow-discharge VR tubes ope- 
rating at the normal cathode fall of potential. Of 
late, they have been giving way to solid-state 
(crystal or semiconductor) breakdown diodes. 

Because the dark discharge which precedes 
the glow discharge is not utilized, it is not shown 
on the V-I characteristic of VR tubes (Fig. 17-6). 
The point A at which the discharge is initiated is 
shown on the axis of ordinates. Practically, this 
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is so because the milliammeter intended to 
measure the current of a glow discharge will fail 
to register the negligible current associated with 
a dark discharge. 

The normal cathode fall of potential region 
used for voltage regulation (or stabilization) is 
bounded by the minimum current, J,,jn, and the 
maximum current, I,,. At a current smaller 
than Imin, the discharge may cease. The maxi- 
mum current marks either the onset of the 
abnormal cathode fall of potential or the limit of 
power. 

The abrupt rise in current secondary to 
a discharge may be different in magnitude, 
depending on the value of Ryjm. If Ryim has a high 
value, a relative small current will flow. If, on the 
other hand, we take a high-value Ry, a heavy 
current will flow, and point B will be shifted to 
point C. This is not suitable for voltage stabi- 
lization, because the region BC that can be 
utilized for this purpose is curtailed. If Rj;,, is too 
small, it may so happen that the tube will move 
into the abnormal cathode fall of potential 
region, and voltage stabilization will not be 
possible at all. Thus a well-chosen current- 
limiting resistor is needed for two reasons. 
Firstly, it prevents too high a rise in current. 
Secondly, it assures that the tube can operate as 
a voltage regulator. 

The larger the cathode’s surface area, the 
wider the stabilization region BC because I min 
remains unchanged and J,,,, rises in proportion 
to the surface area of the cathode. Therefore, 
a typical VR tube has a cathode with a large 
surface area. The anode is made small, but still 
large enough to avoid overheating by /nax. 

Most often, VR tubes have a cylindrical 
cathode made of nickel or steel. The anode is a 
piece of wire 1-1.5 mm in diameter (Fig. 17-7a). 
The envelope is filled with a mixture of inert 
gases (argon, helium, and neon), at a pressure of 
tens of mm Hg. 

The principal parameters of VR tubes are the 
normal operating or regulated output voltage, 
Veg» Which corresponds to the middle point in 
the stabilization region (see Fig. 17-6), the strik- 
ing voltage V,,, the minimum and maximum 
currents at the normal cathode fall of potential, 
I ain and I the limit of variations in regulated 


“min max? 
voltage AV,.,, and the a. c, anode resistance r,. If 
V.eg must be kept low, the inner side of the 


cathode is given a coat of an activator so as to 
facilitate the emission of electrons when the 


Fig. 17-7 


VR tubes: (a) the glow-discharge type and (b) co- 
rona-discharge type 


cathode is bombarded by ions. The desired 
value of V.., is obtained by using a suitable 
mixture of inert gases. V,, usually exceeds V,., by 
not more than 10-20 V. The value of V,, can be 
brought down by connecting a conductor 
(shown in Fig. 17-7a) to the inner side of the 
cathode. This conductor decreases the spacing 
between cathode and anode. Without it, the 
tube would operate within the up-sloping por- 
tion of the characteristic (see Fig. 17-2). 

Within the voltage stabilization region V,., 
may change by not more than AV,,, which 
usually is 1-2 V. It is not recommended to 
operate a VR tube at a current in excess of I,,,,, 
because the voltage regulator action is then 
impaired and the electrodes are overheated. The 
a.c. anode resistance r, = Av,/Ai, is markedly 
smaller than the tube’s d.c. resistance, Ro. If 
voltage regulation were ideal (that is, V... = 
const), r, would be zero. 

Soviet-made VR tubes are fabricated for 
a regulated output voltage of 75 V to several 
hundred volts. Their J,,;,, is usually 3-5 mA, and 
their I... is tens of milliamperes. 

Voltage-regulator tubes of the corona dis- 
charge type are characterized by high voltages 
and small currents. They use cylindrical elec- 
trodes made of nickel (Fig. 17-7). The enve- 
lope is filled with hydrogen, and the regulated 
output voltage depends on the gas pressure 
which usually is tens of mm Hg. Typical values 
of V,.. are several hundred volts. The operating 
currents lie in the range 3-100 pA. The a.c. 
anode resistance of these VR tubes is hundreds 
of kilohms. It takes from 15 to 30 s for a full 
corona discharge to develop. 
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The more recent makes of corona-discharge 
VR tubes are built into ceramic envelopes 
capable of operating at voltages as high as tens 
of kilovolts. 


17-5 Circuits Using VR Tubes 


In a practical circuit, a VR tube is connected 
in parallel with the load resistance R, and in 
series with a current-limiting resistor Rj;,, 
(Fig. 17-8). The load may be the anode or 
screen-grid circuits of an amplifier which need a 
regulated (or stabilized) voltage. The supply 
voltage E must be in excess of V,,, and sufficient 
for a discharge to occur in the tube. Higher values 
of E call for higher values of Rj;,,. When this 
requirement is satisfied, voltage stabilization is 
maintained in the face of greater variations of E. 
When R,j;,, is too large, the efficiency of the 
circuit is impaired because the power dissipated 
in the tube and Rj;,, may exceed that drawn by 
the load. Therefore, VR tubes are only used for 
low-power equipments where a reduction in 
efficiency is not so important as it is in high- 
power loads. 

Voltage regulator tubes are often operated 
when the load resistance is held at a constant 
value but the supply voltage is subject to 
variations. What happens in such cases may be 
broadly described as follows, When the supply 
voltage rises, the VR tube current increases, and 
nearly all of the supply voltage change is 
dropped across R,;,,. The voltage across the 
tube and load remains nearly constant or rises 
only slightly, provided the tube current does not 
change beyond the limits for the normal cathode 
fall of potential. When E£ falls, the above events 
are reversed. 

The value of Rj;,, can be found by Ohm’s law. 
If E varies both ways from its average value, E,,, 
then 


Rim a (Exy i? eat hes te I) (17-2) 


where J,, = average current in the VR tube, 
equal to half the sum of J,,;, and 
Tes 
I,,= load current defined as J, = 
= Vieg/Ri 4 
The average supply voltage is found as the 
arithmetic mean of the minimum and maximum 
supply voltages: 


Ey car (Emin A fe (17-3) 
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Fig. 17-8 
Connection of a VR tube in a circuit 


After Rj;,, has been calculated, it is important 
to check whether the VR tube will perform as 
required as the supply voltage varies from E,,,,, 
to Enjax- Phe check is run as follows. 


When the tube current changes from I,,;,, to 
Imax» the voltage drop across Rj;,, changes by 


AE = Rui Imax — | 


The VR tube will perform well provided E 
changes by not more than AF. If AE < E,,,, — 
— E,,in, the regulator action will affect only part 
of the range of changes in £, and this part will be 
the smaller, the lower the change AE. 

Because I,,;, and J,,,, are constant for a given 
VR tube, AE is proportional to Rj;,,. However, 
the value of Rj; iS increased in proportion to 
the difference between E and V,,, and in inverse 
proportion to I,. Thus, a broader range of 
regulator action can be assured with a higher 
supply voltage and a lower load current. This 
however impairs the efficiency of the voltage 
regulator. 

If the load current is large, Rj;,, is small, and 
the regulator action can be effected over a very 
narrow range of changes in £, which is ob- 
viously a disadvantage. Therefore, the use of VR 
tubes is warranted at J, which does not 
markedly exceed I,,,,. 

Higher voltages are usually regulated by 
connecting several VR tubes in series (as a rule, 
not more than two or three tubes are used). They 
may be rated for different regulated output 
voltages, but their J,,;, and I,,,, must be the 
same. A series connection of several VR tubes 
may be used as a voltage divider giving several 
values of regulated voltage. The loads may be 
connected to one or several VR tubes. For 
example, a voltage regulator made up of three 
75-volt VR tubes may supply regulated voltages 
of 75, 150, and 225 V. Sometimes, the load 
voltage has to be different from the regulated 
voltages supplied by standard 75-, 105- or 


max min) 
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150-volt VR tubes or their combinations. In 
such cases, one tube or several tubes are con- 
nected to give the nearest standard voltage, and 
the surplus is dropped across a swamping 
resistor, R,,, connected in series with R, 
(Fig. 17-9). For example, if we need a regulated 
voltage of 120 V at J, = 10 mA, we may take 
a 150-volt VR tube and drop the surplus voltage 
(30 V) across a swamping resistor 


Rey = 30/10 = 3 kQ 


Parallel connection of VR tubes is never used 
because individual devices, even of the same 
type, usually differ in V,, and V,,,. When a 
parallel combination of VR tubes 1 is ; energized, 
a discharge occurs only in the unit that has the 
lowest V,,. The voltage across that tube falls 
abruptly while no discharge happens in the 
remaining devices. Even if it occurred, some 
tubes would operate underloaded while the 
others would be overloaded. It might also so 
happen that some tube would be operating 
under an abnormal cathode fall of potential. It 
would then take no part in voltage stabiliza- 
tion —instead it would act as a useless load and 
would limit the range of voltage stabilization. Of 
course, it is possible to match the tubes for 
parameters, but this, too, is inconvenient and 
unreliable because the tube parameters vary 
with time, and do so at different rates in different 
tubes. 

The performance ofa voltage regulator can be 
stated in terms of the stabilization factor defined 
as the ratio of the fractional change in the 
regulated output voltage to the fractional 
change in the supply aah 


Kreg = (AE/E)/(AV,.5/Veeg) (17-4) 
Typically, the stabilization factor Kreg ranges 
from 10 to 20. If, for example, k,,, = 10, E= 


= 200 V, and V,,, =75 V, then » a change of 
AE = 40 V in the. supply voltage, that is, by 
20%, will cause the regulated output voltage to 
change by a mere 1.5 V, or 2%. 

The stabilization factor can be improved by 
connecting several VR _ tubes in cascade 
(Fig. 17-10). In this scheme, the voltage from the 
first tube VR, is applied via a current-limiting 
resistor Rj; to the second tube VR, placed in 
shunt with the load. If the individual stabiliza- 
tion factors are k,,,,; and k the overall 
stabilization factor will be 


Keg = Kregi K 


reg regi “reg2 


reg2? 


(17-5) 


Fig. 17-9 


Fig. 17-10 
Cascade connection of VR tubes 


With two VR tubes in cascade, k,,, is any- 
where from 100 to 400. A drawback of the 
cascade connection is a reduction in the effi- 
ciency because some power is inevitably lost in 
the two tubes and the two current-limiting 
resistors. More than two tubes are not usually 
used. The second tube must be ge ie for 
a lower voltage than the first, , may be 
assumed constant so that Rj;.,. May oe calcula- 
ted for the current through VR,, which only 
slightly exceeds the minimum current. 

Voltage regulator tubes may also be used in 
cases where the load resistance is varying while 
the supply voltage E remains constant. Rj;,, is 
then calculated as before. If J, varies from its 


minimum value J, ;;,, associated with Ry ja, to 

I, max associated with Ry wins then 

Riim = (E — Veeg)/ay + Ai av) (17-6) 

where J,, = average current of the VR tube 

I, ay = average load current defined as 

half the sum of the minimum and 
maximum load currents 

I, av — (I, min + I, max)/2 (17-7) 


In the above condition, the current is divided 
between the VR tube and the load. For example, 
should the load current rise, the tube current will 
fall by about the same amount and V,,, will 
remain nearly constant. The total current will 
likewise remain nearly constant so that the 
voltage drop across Rj;,,, Will change only slight- 
ly. This is as should be expected because 


Vieg + Ve = E = const 
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Of course, the stabilizing action will take (a) 


place if the tube current does fall below J,,,;,, and 
does not rise above I,,,,,. The load current ought 
not to change by a greater amount than the 
maximum change in the tube current. Hence, the 
condition for stabilization may be written in the 
form of an inequality 

(17-8) 


Voltage regulator tubes present different re- 
sistances to d.c. and a.c. As the tube current 
varies, Ry changes from units to tens of kilohms. 
ai example, in the case of a VR tube for which 

reg = 150 V, Inax = 30 mA and I,,;, = 5 mA, 
2B will vary from 5 to 30 kQ. In contrast, r, will 
be only a small fraction of Ro. beg the same 
tube as an example, suppose that V,,, changes 
by 2.5 V as the tube current changes s from 5 to 
30 mA. Then 


r, = AV,,,/AI = 2,5/25 = 0.1 kQ 


reg) 

As seen by alternating current, a VR tube is 
equivalent to a high-value capacitor (at 50 Hz, a 
resistance of 100 Q corresponds to a capaci- 
tance of 32 uF). Therefore, when used in 
rectifiers, VR tubes also double as ripple 
suppressors or, at least, as ripple reducers. 


I, max I min S ee es, d cain 


17-6 Glow-Discharge Thyratrons 


Glow-discharge thyratrons, also known as 
cold-cathode thyratrons, are widely used tubes. 
They are employed in automatic control, relays, 
scalers, counters, pulsers, etc. The term ‘thyra- 
tron’ has its origin in the Greek thyra for door, 
thus implying that the tube can be opened and 
closed like a door with the aid of a control grid. 

Thyratrons may have three and more elec- 
trodes. In a three-electrode glow-discharge thy- 
ratron, the anode and cathode are supplemen- 
ted by a third electrode, called the grid. The grid 
of a thyratron effects a more limited control that 
it does in vacuum triodes. In a vacuum triode, 
we can vary the grid potential and thus control 
the anode current, that is, cause it to vary from 
zero to a maximum value. In a thyratron, the 
grid has a one-way control of conduction and 
only serves to fire the tube at the instant when it 
acquires a critical voltage. Following that, the 
grid effects no control over conduction—the 
discharge in a thyratron can be discontinued 
only by reducing the anode voltage to a value at 
which no discharge can be sustained, or by 
opening the anode circuit. 
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Fig. 17-11 
Structure and firing characteristic of a glow-discharge 
thyratron: (/) anode; (2) 2nd grid; (3) Ist grid; (4) 
cathode 


Figure 17-11 ashows the structure of one type 
of glow-discharge thyratron. The separation 
between the electrodes and the gas pressure are 
chosen such that a self-sustained dark discharge 
can occur between the grid and cathode at 
a lower voltage than between the anode and 
cathode. It may then be followed by a glow 
discharge to the anode, provided the anode 
voltage is high enough. The grid current is units 
or tens of microamperes, and the anode current 
may be thousands of times greater (units or tens 
a milliamperes). The starting or firing lei 

V,,, decreases with increasing grid current i, 
This is because more ions and electrons are 
produced in the grid-cathode space at a high 
grid voltage, and it is easier for a discharge to 
take place in the anode circuit. 

A plot of V,, as a function of i, (Fig. 17-11) is 
usually called the starting or firing characteristic 
of a thyratron. At zero grid current, the starting 
or firing potential is a maximum. As j, rises, V,, 
falls, abruptly at first and more gradually af- 
terwards. However, V,, cannot be lower than the 
maintaining potential V,, required to sustain a 
glow discharge between the anode and cathode. 
The shape of the starting curve depends on the 
gas used, its pressure, electrode shape, and 
electrode surface texture. 

The fact that the grid loses control after the 
tube has fired can be explained by the existence 
of a plasma made up of a large number of 
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electrons and ions. The positively charged grid 
attracts electrons from the plasma, and they 
form a negative (or electron) sheath at the surface 
of the grid, neutralizing the action of the positive 
grid (Fig. 17-12a). If we raise or lower the 
positive potential at the grid, it will attract 
a greater or a smaller number of electrons, and 
its effect will again be neutralized by the electron 
sheath. A negative voltage across the grid will 
attract positive ions from the plasma, which will 
form a positive-ion sheath around the grid, neutra- 
lizing the effect of the negative grid (Fig. 17-126). 

The electron (or ion) sheath is in a state of 
dynamic equilibrium. For example, on coming 
in contact with the negative grid, the ions 
capture electrons and turn into neutral atoms, 
but the grid attracts more ions from the plasma 
instead of them. If we raise the negative potential 
at the grid, it will attract more ions. The charge 
on the ion sheath will rise, and the ion sheath 
will again neutralize the effect of the negative 
grid. It may be said that the field set up by the 
charge on the grid is concentrated between the 
grid and its ion (or electron) sheath as if they 
were the plates of a capacitor. This field cannot 
break through the sheath, and so it cannot affect 
the anode current. 

Figure 17-13 shows how a glow-discharge 
thyratron can be connected in a circuit for use as 
a relay. The anode supply voltage £,, must be 
lower than V,, ,,4,, and £, must be lower than 
that required to start a discharge between the 
grid and cathode. The resistor R, limits the grid 
current and thus raises the input resistance of 
the circuit to the source of pulses that turn on 
the thyratron. When a positive voltage pulse 
strong enough to fire the tube is applied to the 
grid, a discharge takes place between the grid 
and cathode. If the resultant grid current is large 
enough, the discharge is transferred to the 
anode. In consequence, a voltage or current 
pulse supplied by a low-power generator to the 
grid circuit can give rise to a substantial current 
in the load, R,, placed in the anode circuit. 

Some glow-discharge (cold-cathode) thyra- 
trons have two grids. The one farthest from the 
cathode is the control grid, and the one nearest 
to the cathode is the screen grid. The screen grid 
is held at a constant positive potential, and its 
circuit always draws a very small current (units 
or tens of microamperes) used for a starting 
discharge. The control grid is less positive than 
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Electron and ion sheaths at the grid 
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Fig. 17-13 
Connection of a glow-discharge thyratron as a relay 


the screen grid, therefore, the retarding field 
existing between the grids does not allow elec- 
trons to reach the anode. When an additional 
positive voltage pulse is applied to the control 
grid, the thyratron is said to fire —electrons pass 
through the control grid, and a glow discharge is 
initiated at the anode. 

Soviet-made glow-discharge thyratrons are 
usually miniaturized and use neon or argon or 
their mixture as the filling gas. They are able to 
operate at an ambient temperature of —60° to 
+100°C. Their service life is several thousand 
hours. The operating grid and anode voltages 
range from tens of volts to 100-300 volts. The 
time required for the grid to regain its control 
action after the anode current ceases depends on 
the de-ionization time and usually is tens or 
hundreds of microseconds. 

As an example, Fig. 17-14a shows the circuit 
of a very simple thyratron sawtooth voltage 
generator. The anode supply, £,, charges a 
capacitor C via a resistor R. The capacitor is 
placed in shunt with a thyratron T. In the course 
of charging, the voltage across the capacitor 
rises until it comes up to V,,, the starting or 
striking voltage for the thyratron. The thyratron 
fires and begins to conduct current. Its resis- 
tance falls to a relatively low value, and the 
capacitor rapidly discharges through the thyra- 
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Fig. 17-14 
Sawtooth voltage generator built around a thyratron 


tron. The voltage across the tube falls to its 
extinction value, V.,,, and the discharge ceases. 
Just as this happens, the capacitor begins to 
charge again slowly via the resistor whose 
resistance is substantially greater than that of 
the conducting thyratron, and all the events 
described above are repeated again. 

The waveform of the sawtooth voltage gene- 
rated at the anode of the thyratron and across 
the capacitor is shown in Fig. 17-145. Because 
the extinction voltage, V,,,, of a thyratron is 
small and the striking voltage, V,,, is several 
hundred volts, this type of oscillator can gene- 
rate a sawtooth voltage of a high peak value. An 
increase in the values of R and C slows down the 
charging process and the frequency of the 
output voltage is reduced. On the contrary, an 
increase in the positive potential at the grid 
brings down V,,, thus leading to a lower ampli- 
tude and a higher frequency of the sawtooth 
voltage. 


17-7 Character Display and Numerical 
Readout Devices 


Character display and numerical readout 
devices are widely used in electronics. Some of 
them fall in the class of glow-discharge tubes but 
there are also vacuum devices doing similar 
jobs. Of late, there has been a growing trend to 
use semiconductor (or solid-state) character 
display and numerical readout devices; they will 
be discussed in more detail in Chap. 23. 

Neon bulbs. A neon bulb is essentially a glass 
envelope filled with neon gas and containing 
two (or more) insulated electrodes. These devi- 
ces are usually employed as voltage indicators 
but they can do some other jobs as well. 
Two-electrode neon bulbs usually operate at the 
abnormal cathode fall of potential and always in 
conjunction with a current-limiting resistor, 
Rim: 


The current-voltage characteristic of a neon 
bulb is shown in Fig. 17-15. When a discharge 
occurs (point A), the current and voltage change 
abruptly, and there is a glow of light. The further 
rise in voltage leads to a rise in current. This in 
turn brings about an increase in the cathode 
current density and a brighter glow. Characte- 
ristically, a decrease in voltage causes the curve 
to run lower than it does when the voltage is 
raised. Changes in the current through the bulb 
lag behind the changes in the voltage across its 
electrodes, and the discharge goes out at a lower 
voltage than it strikes, that is, V.., < V,. Just as 
the discharge ceases, the current suddenly falls 
to zero, and the voltage as suddenly rises 
because the voltage drop across R,;,, abruptly 
falls to zero and the applied voltage E is divided 
ina different way. Experimentally, V,,, is defined 
as the lowest voltage existing in the presence of 
current and glow in the bulb (prior to the 
extinction of the discharge). 

The difference between V,,, and V,, is typical 
of all gas-discharge devices, notably VR tubes. 
The extinction voltage of neon bulbs is by 
several units or tens of volts lower than the 
striking voltage. This is because the gas is not 
ionized before a discharge occurs. In contrast, 
before the extinction the gas is ionized, and 
a discharge can exist at a lower voltage. 

Neon bulbs can be used as a.c. and d.c. 
voltage indicators. With a.c., a discharge takes 
place just as the instantaneous voltage becomes 
equal to V,,. 

Commercially available neon bulbs can be 
made for V,, ranging from 50 to 200 V or even 
higher. The operating current at normal glow is 
from a few tenths of a milliampere to tens of 
milliamperes. 

Of special interest is a three-electrode indica- 
tor tube which has an anode, an indicator 
cathode, and an auxiliary cathode enclosed in 
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the anode. The observer can see the glow of gas 
only at the indicator cathode through the dome 
of the envelope. The indicator cathode, IC, is 
connected to the “—” terminal of a power 
supply via a resistor R, while the auxiliary 
cathode AC is connected to the supply directly 
(Fig. 17-16). When only the anode voltage is 
applied to the tube, the auxiliary cathode is 
operating. Because it is in the shadow of the 
anode, the observer cannot see the glow of gas. 
When an additional control voltage is applied to 
the resistor in the indicator cathode circuit in 
a polarity such that it is added to the anode 
voltage, the voltage between the anode and the 
indicator cathode rises, the discharge is transfer- 
red to the indicator cathode, and the observer is 
able to see the glow of light. When the additional 
voltage is removed from the resistor, the dis- 
charge will again exist only between the anode 
and the auxiliary cathode, and there will be no 
glow of light at the indicator cathode. 
Glow-discharge character-display tubes. The 
structure and graphical symbol of these widely 
used devices are shown in Fig. 17-17. Such a 
tube is essentially a neon-filled envelope enclos- 
ing a common anode and stacked metallic 
cathodes in the form of the desired characters. 
For simplicity, Fig. 17-17a shows only the first 
two cathodes in the form of a 1 and a 2. A 
numerical-readout tube will have the numerals 
0 through 9. The anode is usually a fine mesh of 
wire. When a voltage is applied between the 
anode and one of the cathodes, a gas discharge 
takes place and a glow of light can be seen at that 
cathode, so that the observer can see the respec- 
tive character. The luminous bar is about | or 
2 mm wide. Another widely used display format 
consists of segments arranged as in Fig. 17-176. 
Connection of these segments in a particular 
combination produces the desired luminous 
numeral, letter, or some other symbol. 
Vacuum hot-cathode character-display tu- 
bes. The display format in this case consists of 
incandescent filaments that are combined to 
produce a numeral or a letter (Fig. 17-18). 
These filaments made of tungsten are set up on 
a heat-resistant insulating support inside an 
evacuated envelope. At one end the filaments are 
tied to a common lead. When the other end of 
a particular filament is connected to the heater 
supply, the luminous segments form a numeral 
or a letter. The glow colour is yellow which 
corresponds to an operating temperature of 
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Current-voltage characteristic and graphical symbol 
of the neon bulb 
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Fig. 17-16 
Connection of a controlled indicator tube 
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Fig. 17-17 
Glow-discharge character readout tube 


1200°C. The service life of vacuum hot-cathode 
character-display tubes is tens of thousands of 
hours. 

Vacuum fluorescent indicators. These are 
multi-anode triodes each of which has a directly 
heated oxide cathode, a grid, and phosphor- 
coated segments as anodes. The anodes may be 
set up in any one of several patterns to form the 
desired character (Fig. 17-19). The emission 
colour is mostly green. 

Electroluminescent devices. For their opera- 
tion these devices depend on electrolumines- 
cence—a luminescence which results from a 
high-frequency discharge through a gas or from 
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application of an alternating current to a layer 
of phosphor. A solid-state electroluminescent 
device looks like a flat (parallel-plane) capacitor 
(Fig. 17-20). There is a metal electrode / to 
which is deposited a layer of dielectric 2, a 
mixture of organic resin and powdered phos- 
phor. The phosphor is basically zine sulphide or 
zinc selenide. Depending on the activator added, 
the phosphor will give a different emission 
colour: green, blue, yellow, red, or white. The 
phosphor is topped by a current-conducting 
film 3. Protection against external damage is 
provided by a glass cover plate 4. When an 
alternating current is applied to the electrodes 
J and 3, an emission of light takes place under 
the action of the electric field. 

The transparent electrode 3 is usually prepa- 
red from tin oxide as a single piece. The other 
electrode, /, may be shaped into numerals, 
letters, or segments which can then be combined 
to present symbols or shapes. The electrode / 
may be the raster type (consisting of a number of 
stripes) or the matrix type (consisting of a great 
number of dots). Electroluminescent devices 
come in a wide range of types and sizes. They 
can display a luminous pattern against a dark 
background or a dark pattern against a lumi- 
nous background. Also, they may be single- or 
multi-coloured. 

Most commonly, use is made of segment-type 
alphanumerical readout devices. Digital-indi- 
cator devices have from seven to nine segments, 
while devices with as many as 19 segments can 
display any numerals and letters of one or two 
alphabets (say, Russian and English). As a rule, 
an electroluminescent readout device is built 
into a plastic case. They are powered by a 
sinusoidal current at 220 V and 400-1200 Hz. 
The characters displayed by electroluminescent 
devices can measure from units to tens of milli- 
metres. Accordingly, they will draw a current of 
a few tenths of a milliampere to tens of milli- 
amperes. The service life of an electrolumines- 
cent readout device is several thousand hours. 
They can operate at an ambient temperature of 
—40 to +50°C. Among the most important 
advantages of these devices are low power drain, 
a relatively high brightness of the display, flat 
construction, mechanical robustness, and a long 
service life. A major disadvantage, common to 
many character-display devices, is the need for 
a sophisticated control system. 

Liquid-crystal displays (LCD), What we 
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Vacuum hot-cathode character-display tube 


Fig. 17-19 
Vacuum fluorescent character-display tube 


Fig. 17-20 
Electroluminescent readout device 


know today as liquid crystals were discovered at 
the end of the past century. They are organic 
liquids consisting of long-chain molecules that 
line up under the influence of an applied electric 
field to give a quasi-crystalline structure to the 
liquid. At this writing, quite a number of liquid- 
crystal materials have been found and investi- 
gated. Liquid crystals are transparent to visible 
light, but an electric field with an intensity of 2 to 
5 kV cm‘ disturbs their regular structure, the 
molecules arrange themselves at random, and 
the liquid becomes opaque. This is the basis of 
their operation as passive display devices. 
LCDs may be of many designs and operate 
either by transmitting or reflecting light from 
a suitable source (natural or artificial). Most 
commonly, LCDs are of the reflecting type (Fig. 
17-21) and are widely employed in digital 
watches, pocket calculators, and other products. 
Referring to the figure, there are two glass plates, 
7 and 3, cemented together by a polymer resin 
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2 and holding between them a layer of liquid 
crystal 4 from 10 to 20 pm thick. Plate 3 is given 
a coat of a solid conducting layer (an electrode), 
5, worked to a mirror finish. The other plate, /, 
gives support to transparent electrodes A, B, C, 
etc., from which leads are made (not shown in 
the figure). These electrodes are shaped as 
various numerals, letters, or segments which can 
be combined into a particular character. So long 
as no voltage is applied to the character electro- 
des, the LCD remains transparent, external light 
is free to pass through and to be reflected from 
electrode 5, and to emerge without displaying 
any symbols. When a voltage is applied to, say, 
electrode A, the liquid crystal under this elec- 
trode turns opaque, light cannot any longer pass 
through that part of the liquid (6), and a dark 
character can be seen against an illuminated 
background. 

LCDs are very economical of power. It takes 
not more than | pA to display one character. 
Their service life is tens of thousands of hours. 
Unfortunately, LCDs are slow-acting devices — 
it takes 100-200 ms for a character to appear or 
disappear, that is, for the molecules of a liquid 
crystal to change from an ordered to a disorde- 
red arrangement or back. Also, control of LCDs 
is effected by sophisticated circuits usually based 
on IC chips. 

The range of LCDs available commercially 
includes far more sophisticated designs than we 
have described. 


17-8 Miscellaneous Gas-Discharge Devices 


Quite a number of gas tubes have fallen out of 
use at this writing. Yet, they are worth mention- 
ing. 

One example is the direct-counting decade 
tube of the Dekatron type developed by Erics- 
son Telephone, Ltd. This type of tube has a great 
number of cathodes arranged in a circle. Incom- 
ing pulses transfer the discharge from one 
cathode to the next higher one. The number of 
pulses counted by the tube is indicated by the 
glow of the respective cathode. With several 
decade tubes connected in cascade, it is possible 
to count units, tens, hundreds, thousands, etc. of 
pulses. In such a case, when the tenth cathode in 
the units tube comes aglow, the discharge is 
transferred to the first cathode of the tube in the 
tens position, etc. At this writing, decade tubes 


Fig. 17-21 
Structure and operation of a liquid-crystal device 


have given way to solid-state digital readout 
devices. 

Arc-discharge devices also include high-power 
hot-cathode rectifier diodes whose envelopes are 
filled with mercury vapour or inert gases. They 
are designed for heavy-duty applications (that 
is, high voltages and heavy currents), with the 
voltage drop across a tube being a mere 10-30 
volts. Falling also in this class are mercury-arc 
rectifier tubes and single-anode pool tubes with 
means for maintaining a continuous cathode 
spot (known as excitrons), owing to electrostatic 
emission. Better performance is shown by igni- 
trons, a type of mercury-pool rectifier tubes 
which has only one anode. The arc is started for 
each cycle of operation by an ignitor which dips 
into the mercury pool. The mercury pool serves 
as the cathode of the tube. 

At one time, automatic control and some 
other applications relied heavily on arc-dis- 
charge thyratrons, that is, gas-filled hot-cathode 
triodes. As in glow-discharge (cold-cathode) 
thyratrons, the grid loses control over the anode 
current as soon as the tube fires, so it can only 
turn the tube on and hold it in the OFF state. 
Some hot-cathode thyratrons have a second (or 
screen) grid. By varying the potential at that 
grid, we can adjust the starting (or striking) 
voltage. Arc-discharge thyratrons are used in 
controlled rectifiers where the rectified voltage is 
regulated by varying the voltage applied to the 
tube’s grids. These grids draw very little power 
for control purposes, so the efficiency is very 
high. Strong but short voltage pulses can be 
produced by pulsed arc-discharge thyratrons. 

A later modification of the arc-discharge 
thyratron is the Tacitron in which the grid is 
designed not only to initiate, but also to extin- 
guish the discharge. Still another arc-discharge 
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thyratron is the Arctron in which the cathode is 
heated by ion bombardment rather than by the 
filament current. 

All of the devices listed above suffer from 
a noticeable time lag because the recombination 
that takes place after the tube has been turned 
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off needs an appreciable time to reach comple- 
tion. Because of this, such devices cannot be 
operated at high frequencies. Tubes filled with 
inert gases can operate at tens of kilohertz, and 
those filled with mercury vapour at still lower 
frequencies. 


Chapter Eighteen 


Tube 


18-1 Sources of Tube Noise 


When the tubes of a receiver are operating at 
a high gain, a characteristic hissing, crackling or 
similar sound can be heard on the headphones 
or the speaker plugged into the receiver’s out- 
put, even if no signals are applied to its input. 

Indeed, this form of noise can be heard on any 
radio receiver if we disconnect its antenna and 
short-circuit its input terminals so that no 
external signals could enter it. This inherent 
receiver noise grows in strength as we use a 
higher gain. The primary cause of this noise lies 
in fluctuations. After amplification, these fluc- 
tuations manifest themselves as audible noise 
when the incoming signals are received by ear. 

Inherent tube noise limits the sensitivity of 
radio receivers and other electronic circuits 
intended to detect, amplify and measure or 
otherwise display weak electrical signals. When 
incoming signals are weaker than the inherent 
noise, their reception by traditional methods is 
practically unfeasible. 

The basic cause of inherent tube noise is 
likewise various fluctuations. 

1. Fluctuations in the electron emission from 
the cathode may be caused by several factors. 
The number of electrons emitted by the cathode 
during identical time intervals does not remain 
precisely constant. Therefore, the emission cur- 
rent is continuously oscillating in a haphazard 
fashion even if the emitter surface remains 
unchanged. More commonly, this is known as 
shot noise (also called Schottky noise after the 
German scientist who was the first to observe 
and describe the phenomenon). 

The emissivity of microscopic areas on the 
surface of a cathode is likewise subject to 
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continuous, rapid and random changes. The 
result has come to be known as the surface 
fluctuation effect. 

The above two effects are observed with any 
form of emission and with any type of cathode, 
but to a different degree. They are most felt in the 
case of thermionic emission and activated 
cathodes. The surface fluctuation effect may be 
especially strong with oxide cathodes. 

2. Fluctuations in the secondary electron emis- 
sion from tube’s electrodes held at a positive 
potential, insulators, and glass envelope also 
contribute to inherent tube noise. 

3. Fluctuations in ion currents are observed in 
soft or gassy (that is, imperfectly evacuated) 
vacuum tubes. As the quality of the vacuum 
deteriorates, increasingly more ions are produ- 
ced, and the effect due to this type of fluctuations 
grows stronger. 

4. Fluctuations in current division occur al- 
ways when a tube has two or more electrodes 
held at positive potential. Owing to thermal 
chaotic motion, the number of electrons hitting 
these electrodes is varying continuously and in 
a random manner giving rise to partition noise. 


18-2 The Noise Performance 
of Vacuum Tubes 


When a vacuum diode is in the temperature- 
limited region (at saturation), the rms value of its 
noise current may be found by the following 
equation: 


I? = 2¢l,,,B 


where e = charge on an electron 
I, = Saturation current 
B = bandwidth of the circuit used to 
observe the noise current 


(18-1) 


sat 
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For example, if J,,, = 50 mA and B = | kHz, 
then 


f= 2216s 10T 6 $0.%. 10°" 107)"7 
=4x10-°A=4x 1073 pA 


In the space-charge-limited region, the noise 
current decreases. This happens for the follow- 
ing reason. Let the emission increase somewhat 
due to fluctuations. This means that a greater 
number of electrons are emitted from the cath- 
ode per unit time. The anode current should, it 
would seem, rise in magnitude. However, the 
space charge builds up as well, giving rise to a 
higher potential barrier at the cathode and thus 
leading to a decrease in anode current. Thus, we 
have two mutually opposing effects, and so the 
anode current fluctuates less in the space-char- 
ge-limited region than in the temperature-limi- 
ted region (at saturation). 

Since the noise current of a diode in the 
temperature-limited region can readily be found 
by the above equation, it is widely practised to 
use specially designed noise diodes as noise 
generators when testing radio equipment and 
other electronic circuits. 

Different tubes are compared for noise perfor- 
mance by invoking the equivalent noise voltage 
Vieq and the noise resistance R,.q of tubes. 
These two quantities are derived from the 
following considerations. 

It is assumed that the tube itself is ideal, that 
is, free from noise, but it generates noise due to 
some noise voltage applied to its grid. This is a 
voltage which will produce the same noise as the 
tube at room temperature and within a band- 
width of 1 kHz, and is called the equivalent noise 
voltage of a given tube. In other words, we may 
assume that the tube is an ideal (noise-free) one, 
and its grid lead contains a generator of V,, 
(Fig. 18-1). For most tubes, V, .q is a fraction of 
a microvolt. Over a bandwidth of B kilohertz, 
the noise voltage is B’/” times the value of V, .g. 

Noise voltage is generated across any resistor. 
By Nyquist’s equation (see Chap. 6), this voltage 
at room temperature is 


V, = (RB)"/?/8 (18-2) 


where V, is in microvolts, R in kilohms, and Bin 
kilohertz. 

It may be assumed that the noise voltage of a 
tube is generated by a resistor of resistance R,, eg 
placed in the grid lead of the tube (Fig. 18-2). 
Because V, is defined at B= 1 kHz, the 
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18-1 
Equivalent noise voltage of a tube 


Fig. 


Fig. 18-2 
Equivalent noise resistance of a tube 


relationship between V, .g in microvolts and 
Ry eq in kilohms may, in accord with Eq. (18-2), 
be written as 


Views @ (Racal V8 (18-3) 
or 
Ra eq © 64 Vie (18-4) 


It is convenient to characterize the noise 
performance of tubes in terms of the equivalent 
noise resistance because one can readily calcu- 
late the total noise produced by the tube and the 
associated circuit components, such as resistors, 
in the grid lead. 

The value of R,.q in kilohms for various 
tubes can be found by the following equation. 

For a vacuum triode: 


Raveg © 2-5/8in (18-5) 
For a pentode or tetrode: 
Ra eq © 2-5/9m + 201,152/9m (I, + 1,2) (18-6) 


In the above equations, the currents are in 
milliamperes and the transconductance is in 
milliamperes per volt. 

It is seen from the above equations that a 
reduction in R,, ., can be achieved by increasing 
the transconductance of the tube. For triodes 


Ry eq 18 hundreds or even thousands of ohms; for 
pentodes and tetrodes it is higher (tens of 
kilohms), as more noise comes as partition 
noise. This resistance has still higher values for 
multigrid frequency-changing tubes. Generally, 
the noise level always rises with increasing 
number of electrodes in a tube. If a receiver or an 
amplifier is to have the lowest attainable noise 
level, the first stage should use a tube with the 
lowest possible value of R,,., because the noise 
originating in the first tube will be amplified by 
all the succeeding stages. 

Sometimes the noise performance of tubes is 
stated in terms of their noise figure which is 
defined for tubes in the same way as for tran- 
sistors (see Chap. 6). The magnitude of noise 
strongly depends on the operating conditions of 
a tube. A decrease in filament voltage leads to 
a stronger noise because this brings about 
a reduction in the space charge which somewhat 
smoothens fluctuations in anode current. An 
increase in the negative grid bias voltage is 
accompanied by a rise in tube noise because the 
transconductance of the tube is reduced. The 
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same happens when the potential at the screen 
grid is reduced by a large amount. On the other 
hand, when V,, is raised appreciably, more noise 
is produced owing to a change in current 
division (a greater contribution comes then from 
partition noise). There is an optimal value of V,, 
at which noise is a minimum. Pentodes are less 
noisy in the intercept mode, while in the fall- 
back mode the transconductance is reduced and 
a greater contribution comes from partition 
noise. In operation at lower frequencies, the 
surface fluctuation effect is fairly strong. Thus, 
noise can be minimized not only through the 
choice of a tube, but also by adjusting its 
operating conditions (voltages and currents), as 
the case may be. 

Noise due to fluctuations may be accompa- 
nied by noise due to other sources inside the 
tube itself. Among them are the hum that arises 
when the filament is energized with an alterna- 
ting current, variations in current due to mecha- 
nical vibration of the tube’s electrodes, current 
leakage through the insulation having a varying 
resistance, etc. 


Chapter Nineteen 


Operation of Vacuum Tubes 
at Microwave Frequencies 


19-1 The Effects of Interelectrode 
Capacitances and Lead Inductances 


There is always a capacitance between any two 
electrodes of a tube, and any tube lead has an 
inductance. As an example, Fig. 19-1 shows a 
triode along with its capacitances and inductan- 
ces and an applicable equivalent circuit. These 
capacitances and inductances affect the parame- 
ters of the resonant circuits connected to the 
tube. As a result, the natural frequency of these 
circuits is reduced and they cannot be tuned to 
a frequency above a certain limit. 

For each tube there is an upper frequency limit, 
fn» Which is set when the resonant circuit is 
produced by tying together the electrode leads 
of the tube. For example, if we tie together the 


anode and grid of a triode as shown by the 
dashed line in Fig. 19-1, a resonant circuit will 
be formed whose capacitance and inductance 
are given by 

¢ = Ci + Cig CyMCax + Cox) (19-1) 
L=L,+L,+L,, (19-2) 
where L,, is the inductance of the short-circuit- 
ing wire. 

A tube with an external resonant circuit can 
only operate at frequencies lying below f,. As an 
example, let us choose a tube for which C = 
= 10 pF and L= 0.016 pH. Then 


fy = 1/[2n(LO)*7] 
1/[2m (0.016 x 1076 x 10 x 10712)/2] 
~ 400 x 10° Hz = 400 MHz 
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which corresponds to a wavelength of 75 cm. 

Obviously, the above tube is unsuitable for 
use in the UHF band, because an external 
resonant circuit would require a resonant fre- 
quency well below 400 MHz. 

The tube inductances and capacitances, when 
lumped together with the tube circuits, produce 
undesirable positive or negative feedback and 
phase shifts that would impair the performance 
of the entire circuit in many cases, if measures 
were not taken to the contrary. This is especially 
true of the cathode lead inductance L,. It enters 
both the anode and grid circuits and gives rise to 
feedback owing to which the operating condi- 
tions are changed and there is a reduction in the 
input impedance of the tube, that is, the impe- 
dance between grid and cathode which loads the 
signal source. The interelectrode capacitances, 
too, tend to bring down the input impedance of 
the tube. Furthermore, since their reactance at 
microwave frequencies is very small, these inter- 
electrode capacitances might give rise in high- 
power tubes to substantial capacitive currents 
which might heat the electrode leads and dissi- 
pate more power. For example, a grid-to-cath- 
ode capacitance of 4 pF will have a reactance of 
40 Q at 1 GHz (A = 30 cm). If we apply an 
alternating voltage of 40 V, the capacitive cur- 
rent will be as heavy as 1 A. 


19-2 Electron-Inertia Effects 


Because electrons have a finite mass, they 
cannot cover the spacing between the electrodes 
instantaneously. At microwave frequencies, the 
transit time for electrons, although very short 
(1078-107 !° s), is comparable with the period of 
oscillation. The tube ceases to be a device free 
from a time lag. At microwave frequencies, the 
operation of triodes and multigrid tubes is said 
to be affected by e/ectron-inertia effects. Electron 
inertia is responsible for detrimental phase 
shifts, distorts the waveform of anode-current 
pulses, and gives rise to appreciable grid cur- 
rents. As a net result, the input impedance of the 
tube is drastically reduced, more power is 
dissipated in the tube, and the tube delivers less 
useful power. 

Electron inertia does not affect the operation 
of tubes at frequencies lying in the VHF and 
higher frequency bands. The point is that if the 
period of oscillation, T; is many times the transit 
time of electrons in a tube, ¢,, the alternating 
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(a) A 


Fig. 19-1 


Interelectrode capacitances and lead inductances of 
a triode 


wy t= 1/40 


Fig. 19-2 
Transit time of electrons as compared with the period 
of oscillations 


voltages maintained at the tube electrodes will 
have no time to change by a large amount at the 
end of electron transit. This is illustrated in 
Fig. 19-2 which shows how the voltages at the 
grid and anode of an amplifying tube vary when 
the period of oscillation is 40 times the transit 
time of electrons. For example, if 4, = 10~° s, 
then T= 40 x 107° s, which corresponds to 


f= 1/(40 x 107%) = 25 x 10° Hz = 25 MHz 


That is, the wavelength will be 4 = 12 m. 

In the above conditions we may take it that 
the voltages at the electrodes remain unchanged 
as electrons travel from cathode to anode. This 
means that the motion of electrons obeys the 
usual laws without any new events, so the anode 
current varies in step with the grid voltage, and 
the alternating component of anode current is in 
phase with the alternating component of grid 
voltage. The situation is markedly different 
when the transit time of electrons in a tube is of 
the same order of magnitude as the period of 
oscillation. 

When the voltages at the electrodes of a tube 
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remain unchanged, the tube is said to be in the 
static mode of operation. If, on the other hand, 
the voltage of at least one electrode varies at not 
too high a frequency (so that the processes in the 
tube may be treated on the basis of the laws 
established for the static mode), we will have 
a quasi-static mode of operation. Finally, if the 
voltage of at least one electrode varies so fast 
that the laws established for the static condition 
are no longer applicable, we have the dynamic 
mode of operation. At microwave frequencies, 
tubes operate in the dynamic mode. The laws 
that hold for the static condition cannot be 
applied to the dynamic condition because of 
electron inertia. 

The transit time of electrons is often replaced 
with the transit angle a, which is connected to 
the transit time by a relation of the form 


(19-3) 


where @ is the angular frequency of the alternat- 
ing voltage at the tube’s electrodes. 

Obviously, a, is the change in the phase angle 
of the alternating voltage during ¢,. If, for 
example, ¢, = 7/4, then a, = 90°. With transit 
angles of less than 20°, electron inertia may 
usually be neglected, and the tube may be 
regarded as operating in a quasi-static mode. 

Let us see what happens in a vacuum triode at 
microwave frequencies, recalling that the grea- 
ter proportion of the transit time is expended 
between cathode and grid because the accele- 
rating potential difference there is small. Assu- 
me, as an example, that the transit time within 
that space is equal to a half-period and that the 
Q-point is positioned at the very start of the 
anode-grid characteristic of the tube. At lower 
frequencies, the tube would be at cutoff, that is, 
anode current pulses would be passed during 
the positive half-cycles of alternating grid volt- 
age, and they would be blocked (the tube would 
be cut off) during the negative half-cycles. 

A different situation emerges when ¢, = 7/2. 
The electrons setting out on their journey from 
the cathode at the start of a positive half-cycle of 
grid voltage pass through the grid at the end of 
the same half-cycle. The succeeding electrons 
setting out at a later time fail to reach the grid 
during a positive half-cycle. They are still on 
their way when the alternating grid voltage 
changes sign and the field between the grid and 
cathode becomes retarding. Many electrons are 
slowed down, brought to a stop, and driven 


a, = wt, 


back to the cathode before they have reached 
the grid. This is especially true of the electrons 
that set out on their travel from the cathode at 
the end ofa positive half-cycle, because they find 
themselves in a retarding field almost at once. 
The return of some electrons to the cathode 
reduces the height of anode-current pulses. The 
tube delivers less useful power, and the returning 
electrons bombard the cathode. Because of this, 
the cathode is additionally heated, and this 
additional heat has to be supplied by the signal 
source. On the contrary, the electrons that have 
passed through the grid can continue their 
travel to the anode while the grid becomes 
negative. This means a greater potential diffe- 
rence between anode and grid, and so the 
electrons bombard the anode at an increased 
energy. The power expended in this bombard- 
ment is likewise drawn from the signal source. 

If we consider the operation of a tube under 
different sets of conditions, we will arrive at the 
same conclusion: Electron inertia tends to re- 
duce the alternating component of anode 
current, to increase the power dissipated at the 
anode, and to heat the cathode due to the action 
of returning electrons. These events happen not 
only when ¢, = 7/2, but whenever the transit 
time is comparable with the period of oscilla- 
tion. 


19-3 Electrostatically Induced Currents 
in the Circuits of Vacuum Tubes 


For proper insight into the operation of 
vacuum tubes at microwave frequencies, it is 
important to learn what currents are electro- 
statically induced in the various circuits of these 
tubes and what effects they elicit. 

For simplicity, it is usually assumed that 
a current is produced in some circuit of a tube 
because the respective electrode accepts some of 
the electrons travelling inside the envelope. The 
stream of these electrons constitutes what is 
called the convection current. In-depth studies of 
vacuum tubes have revealed that the current in 
the external circuit of any tube electrode is an 
electrostatically induced current. What is actual- 
ly involved can be explained if we recall the 
process of electrostatic induction. 

Let there be an uncharged conductor A (Fig. 
19-3) one end of which is brought to the 
negatively charged end of another conductor B. 
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As a result, some electrons of conductor 4A, 
repelled by the charge on conductor B, will 
move to the opposite end of conductor A, givifg 
rise to a negative image charge. The end nearest 
to the inducing charge on conductor B will 
experience a deficit of electrons or, which is the 
same, there will appear a positive image charge at 
that end. As this happens, a current flows along 
conductor A — this is an electrostatically indu- 
ced current. Its magnitude increases with an 
increase in the inducing charge on conductor B 
and in the rate of approach towards conductor 
A. If we withdraw conductor B away from 
conductor A, the electrons will move back and, 
in consequence, a reverse current will flow in 
conductor A, of a magnitude again determined 
by the rate of travel of conductor B and by the 
inducing charge at its end. 

To sum up, when an electric charge is brought 
closer to or moved away from a conductor, an 
electrostatically induced current is produced in 
the conductor. 

In vacuum tubes, the role of an inducing 
negative charge is played by the electron stream, 
that is, the convection current. Inside a tube, this 
current always gives rise to electrostatically 
induced currents in the wires connected to the 
tube electrodes. The electrostatically induced 
current increases with an increase in the number 
and energy of moving electrons and also with 
a decrease in the spacing between the electron 
stream and a given electrode. 

Suppose, as an example, that a direct voltage 
is applied to the anode of a thermionic diode. It 
causes a stream of electrons to move inside the 
tube from cathode to anode and to give rise to 
an electrostatically induced current in the exter- 
nal part of the anode circuit. Thus, the anode 
current begins to flow when electrons just move 
away from the cathode and not when they have 
reached the anode. 

In the static or quasi-static conditions when 
t, < T, the electrostatically induced current in 
the anode circuit is equal to the convection 
current. For this reason, it is legitimate not to 
invoke the concept of electrostatically induced 
current under these conditions. At microwave 
frequencies, however, when the electrode volta- 
ges change appreciably during the transit time, 
there is a need to consider the currents electro- 
statically induced in the various electrode cir- 
cuits. In fact, it may even so happen that because 
of their inertia electrons will be oscillating in, 
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Current induced by the motion of electrons in a d.c. 
field 


say, the cathode-anode space without ever 
having any chance to reach the anode. Still, they 
will produce an electrostatically induced current 
in the anode circuit. 

The concept of electrostatically induced cur- 
rent provides better insight into the conversion 
of energy that takes place as electrons move 
through an electric field. As an example, let us 
discuss the motion of electrons in an accelerat- 
ing or a retarding field between two electrodes, 
assuming that this field is set up by a battery 
(Fig. 19-4). In the battery circuit, the stream of 
electrons moving inside the tube produces an 
electrostatically induced current flowing in the 
same direction as the convection current. Here, 
as elsewhere, the arrow shows the direction of 
electron motion from the “—” to the “+” 
terminal, and not the conventional direction 
which is the other way around. It is easy to see 
that in an accelerating field (Fig. 19-4a) the 
electrostatically induced current flowing 
through the battery will be a discharge current 
for the battery. The battery is discharging, that 
is, expending its energy which is conveyed by the 
moving electrons and enhances their kinetic 
energy. On the contrary, in a retarding field 
(Fig. 19-46) the electrostatically induced cur- 
rent will be a charging current for the battery, 
that is, electrons will give up their energy and it 
will be stored in the battery. Of course, the 
charging and discharging of a battery by an 
electrostatically induced current is not utilized 
for any practical purposes in microwave circuit- 
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ry, and we have mentioned the process only as_ | 


an illustrative example. 

What is important, however, is the generation 
of electrostatically induced currents in the reso- 
nant circuits connected to a tube. Figure 19-5 
shows a resonant circuit made up of an induc- 
tance Land a capacitance C which may be the 
capacitance between any two electrodes of the 
tube. Suppose that free oscillations exist in the 
resonant circuit. Owing to them, an alternating 
voltage can be detected at the resonant-circuit 
terminals and the tube electrodes. Also suppose 
that there is a stream of electrons moving 
between the electrodes (it is immaterial for the 
time being how it has been produced). 

If the field set up by the voltage at the 
electrodes tends to retard electrons (Fig. 19-5a), 
the electrostatically induced current will be 
feeding the resonant circuit. The point is that the 
direction of flow of this current is such that the 
voltage it generates across the resonant circuit is 
in phase with the voltage existing in the resonant 
circuit owing to the free oscillations. This means 
that the electrostatically induced current oppo- 
ses the decay of oscillations. In other words, 
some of the kinetic energy carried by the moving 
electrons is transferred to the resonant circuit 
and maintains oscillations there. 

If, however; the field set up by an alternating 
voltage is an accelerating one for the electrons 
moving inside the tube (Fig. 19-54), the electro- 
statically induced current will produce across 
the resonant circuit a voltage drop which is 
opposite in phase to the alternating voltage of 
free oscillations and it will speed up their decay. 
Now the resonant circuit expends some of its 
energy to accelerate the electrons, and so the 
decay of oscillations in the resonant circuit is 
speeded up. 


To sum up, if we wish to defer the decay of 


oscillations (that is, if we wish to maintain 
oscillations ) ina resonant circuit connected to the 
electrodes of a tube, an electron stream should be 
injected into the interelectrode space at instants 
when the electric field is a retarding one. 

To refine our idea of the electrostatically 
induced current, let us see how it is produced in 
a diode. Our findings will be valid for any 
other system of two electrodes. To simplify the 
discussion, let us consider the case where the 
anode voltage is a rectangular pulse whose 
duration is comparable with the transit time of 
an electron. The waveforms of the voltage pulse 
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Fig. 19-5 


Current induced by the motion of electrons in the field 
set up by the a.c. voltage of a resonant circuit 


(a) [Ya 


Fig. 19-6 
Electrostatically induced current in a diode 


and of the current electrostatically induced in 
the anode and cathode leads of the diode are 
shown in Fig. 19-6. The same figure shows the 
distribution of the electron stream, that is, the 
convection current, in the anode-cathode space 
at different instants. 

At time ¢, the electrons just start moving 
away from the cathode (to be more exact, they 
start moving from the electron cloud near the 
cathode), and there appears an electrostatically 
induced current. The anode-cathode space is 
not yet filled with electrons, but at a later time. 
t,, this space already contains a sizeable number 
of electrons. Since they are moving in an accele- 
rating field, they have a higher velocity than they 
did at t,;. Owing to this, the electrostaticall, 
induced current builds up and the rate of 
build-up is increasing. At time ¢, the electrons 
reach the anode, and all of the anode-cathode 
space is filled with moving electrons. The elec- 
trostatically induced current is now a maximum. 
This situation is maintained until the voltage 
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pulse ceases (at time f,), following which no 
more electrons are moving from cathode to 
anode. In the meantime, the electrons filling the 
anode-cathode space keep moving towards the 
anode by inertia. Their number is decreasing — 
electrons are swept out of the anode-cathode 
space and the electrostatically induced current 
decreases in proportion (at time f,). At time ¢, 
when all of the electrons have been swept out of 
the anode-cathode space, the electrostatically 
induced current is zero. As is seen, the electro- 
statically induced current pulse is stretched in 
time as compared with the voltage pulse and 
lags behind it — that is, it reaches its maximum 
value and decays to zero at later instants. 

Ifa positive pulse of anode voltage is followed 
by a negative pulse, some of the electrons will 
reach the anode, but the remaining ones will be 
retarded so much that they will come to a stop 
and travel back to the cathode. In consequence, 
there will appear a reverse convection current 
and a reverse electrostatically induced current 
pulse. Similar events take place when an alterna- 
ting sinewave voltage is applied to a diode. 


19-4 The Input Resistance of and 
Power Dissipation in Tubes 


A factor of special importance for any amplifi- 
er stage is the input resistance of the tube, that is, 
the opposition seen by the source of the signal 
being amplified. 

In the generalized amplifier stage shown in 
Fig. 19-7 the signal source SS which generates 
an emf £ and has an internal resistance R,, is 
loaded into the input impedance of the tube. 
This impedance has an active (resistive) compo- 
nent and a reactive (capacitive) component. We 
are solely concerned with its resistive compo- 
nent, so it is denoted as R;,,. 

It is always desirable that R;,, be as large as 
possible. Ideally, R;,, should be infinity — then 
the grid circuit would be open, and the grid 
would draw no current. In consequence, there 
would be no voltage drop across the internal 
resistance of the signal source, and all of its emf 
would be impressed on the grid (V, = £). In the 
circumstances, the signal source might have any 
power, however small. For R,,, to be infinity, it is 
essential that electrons should not be intercep- 
ted by the grid and produce any grid current. In 
other words, the grid bias E, must exceed the 
peak value of the alternating voltage (signal) 
being amplified: | £,| > V,,9- In practice, a nearly 


Fig. 19-7 
An amplifier stage 


ideal case occurs when the stage is operating at 
sufficiently low frequencies and we may neglect 
the capacitive current passing through the input 
capacitance of the tube. 

At high frequencies, R;, is anything but 
infinity. As it increases, there is a proportionate 
increase in the alternating grid current J,. Any 
increase in this current entails an increase in the 
voltage drop across the internal resistance of the 
signal generator, R,,, and a decrease in the useful 
grid voltage because 


Vek HR, 

More power is lost in the input resistance: 

Pi 7 TRin 

and the signal source has to deliver a greater 
total power. 

It is convenient to describe the performance of 
an amplifier stage in terms of the stage voltage 
gain k, which shows how many times the input 
voltage is boosted. At high frequencies, it is also 
important to know the stage power gain kp 
defined as the ratio between the output and 
input power: 
kp as Fool tn (19-4) 


where P,,,, is the useful power delivered by the 
tube. 

With a low input resistance, P;,, may rise so 
high that kp, will fall to unity or even less. 
Obviously, it is not warranted to use amplifiers 
whose power gain is less than 2 or 3. At 
microwave frequencies, the input impedance 
abruptly decreases, and the power gain is small 
or even nil. The reduction in the input resistance 
of a tube at microwave frequencies is traceable 
to the electrostatically induced current that 
appears in the grid circuit. 

The events taking place in a triode may take 
different paths, depending on the relative values 
of transit time and period of oscillation, the 
seperation between the cathode and grid and 
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also between the grid and anode, and the 
electrode voltages. Whatever the situation, how- 
ever, the electron-inertia effects observed at 
microwave frequencies will always give rise to 
a heavy electrostatically induced current in the 
grid circuit, leading to a drastic fall in the input 
resistance of the tube. For better insight into the 
matter, let us take a closer look at what happens 
in a triode in some special case. 

Let the grid be fed with an alternating voltage 
in the form of rectangular positive pulses and 
a cutoff bias voltage (Fig. 19-8a). In the circum- 
stances, the grid will remain negative at all times 
and so no electrons can reach it. Let the transit 
time of electrons from cathode to grid, tas be 
equal to the transit time from anode to grid, f4,, 
and slightly shorter than half the pulse duration. 
The waveforms of the electrostatically induced 
currents in the triode circuits for these con- 
ditions are shown in Fig. 19-85 and c, and the 
distribution of the convection current (that is, 
the electron stream) at different instants, in 
Fig. 19-8d. Suppose that the grid is wound with 
a pitch so short that the cathode-grid space and 
the anode-grid space may be treated as separate 
diodes. 

Prior to time ¢,, the tube is at cutoff, and there 
is no current flowing. At time f,, the tube is cut in 
(that is, rendered conducting), and electrons 
begin to move from the cathode (to be more 
accurate, they begin moving from the electron 
cloud near the cathode) towards the grid, and 
the electrostatically induced current i, in the 
grid wire begins to build up. A similar current, i,, 
equal to /,, appears in the cathode wire as well. If 
at time ¢, the cathode-grid space is filled half-full 
with electrons, i, will be equal to some average 
value. From that instant on, it will keep rising 
until it becomes a maximum at time rt, when the 
electron stream reaches the grid. Because the 
grid repels electrons, they pass through it and 
keep on moving towards the anode. This stream 
of electrons moving away from the grid induce 
in the grid wire a current, i,, opposite in 
direction to 7,. In the anode wire, too, a current 
i, is induced, equal to /). 

At time ¢, the rising current i, has some 
average value and is a maximum at time ¢, when 
the grid-anode space is filled full with moving 
electrons. Until time ¢,, the two currents /, and 
i, remain constant and equal to each other. At 
time f, the tube is driven to cutoff, and no 
electrons leave the cathode any longer. How- 
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Fig, 19-8 


Electrostatically induced current in the grid circuit of 
a tube 


ever, the electron stream filling the spacings 
between the electrodes keeps on moving. 

In the cathode-grid space, the electrons keep 
moving by inertia and approach the grid. Their 
number in this space is decreasing and the 
current i, is decreasing too. At time ¢, it has 
some average value, and at time fg it falls to zero 
because all of the electrons have been swept out 
of the cathode-grid space. Following that, the 
number of electrons in the grid-plate space 
decreases, and so does the current /,. It falls to 
some average value at time fg, while at time /,, 
when all the electrons have been collected by the 
anode it falls to zero. 

Thus, two electrostatically induced current 
pulses opposite in direction are produced in the 
grid circuit (Fig. 19-84). The resultant electro- 
statically induced grid current (Fig. 19-8c) is an 
alternating current. The dashed curves in Figs. 
19-8a and c represent the fundamentals of 
voltage and grid current. As is seen, the funda- 
mental of the electrostatically induced grid 
current leads the fundamental of voltage some- 
what in phase. This means that the electro- 
statically induced grid current has both an 
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active and a reactive (capacitive) component. 
The latter is lumped with the ordinary capa- 
citive current which exists in the grid circuit due 
to the input capacitance of the tube. Because the 
total capacitive current is increased, electron 
inertia may be said to increase the input 
capacitance to some degree. 

The worst consequence of electron inertia is 
the active (resistive) component of grid current. 
It is responsible for the fact that the input 
resistance falls with rising frequency, and this 
results in a reduced power gain. The input 
resistance is indicative of the power lost by the 
signal source connected in the grid circuit. This 
power is transferred by the active component of 
the electrostatically induced current from the 
signal source via the electric field to the electrons 
which acquire a greater kinetic energy and 
expend it to heat the anode. When the tube is 
operating at lower frequencies and the transit 
time of electrons may be neglected, the grid 
voltage shown in Fig. 19-8a gives rise to cur- 
rents 7, and i, which have the same rectangular 
waveform and the same duration. Because these 
two currents are equal in magnitude but oppo- 
site in sign, the net grid current is nil. In 
consequence, no power supplied by the signal 
source is wasted in such a case. 

We have examined the effect of electron 
inertia on the tube performance when the grid is 
fed with positive rectangular voltage pulses only 
approximately. However, the general trend re- 
mains the same in the more elaborate cases: an 
active induced current is produced in the grid 
circuit or, to state this differently, one conse- 
quence of electron inertia is that the tube comes 
by a resistive input impedance. If the alternating 
voltage applied to the grid consists of both 
positive and negative pulses, the latter set up 
a retarding field which drives some electrons 
back to the cathode. They are accelerated by the 
field, and some of the energy supplied by the 
signal source is dissipated as heat when the 
electrons bombard the cathode. 

The picture is far more complex when the 
alternating voltage is sinusoidal in waveform. 
But again, in operation at microwave frequen- 
cies a resistive electrostatically induced current 
is brought about in the grid circuit at the 
expense of some of the energy supplied by the 
signal source. In the final analysis, this energy is 
dissipated as heat at the anode and cathode due 
to the action of the convection current (the 


electron stream). The point is that the positive 
half-cycles of grid voltage accelerate the elec- 
trons leaving the cathode to higher energies 
while during the negative half-cycles the grid 
repels the electrons moving towards the anode, 
and they too acquire more energy. As a result, 
the electrons bombard the anode more vi- 
gorously and raise it to a higher temperature. 
The electrons that fail to pass through the grid 
and fall back to the cathode are likewise repelled 
by the grid during the negative half-cycles of 
grid voltage and acquire still more energy. These 
electrons bombard the cathode and heat it 
more. Thus, the signal source transfers energy to 
electrons over the entire cycle of grid voltage, 
and the electrons waste it in bombarding the 
anode and cathode. 

We have given only a rough sketch of what 
actually happens in a tube at microwave fre- 
quencies, but it gives an ample idea about the 
events. A more rigorous analysis of tube perfor- 
mance at microwave frequencies is too compli- 
cated and is beyond the scope of this text. 

Theory gives us the following equation for the 
resultant electrostatically induced grid current 
I, in the case of an alternating grid voltage V,: 


io ko fey, (19-5) 


where k = proportionality factor taking care of 
the electrode structure and supply 
voltages 
Jm = transconductance of the tube 
tg, = transit time from cathode to grid 
Hence, the input resistance is given by 
Rig = Vellg = WkG nf *tgr (19-6) 
The values of k, g,, and ¢,, remain constant for 
a given tube and a given set of supply voltages. 
On replacing them with a single factor and 
passing from frequencies to wavelengths, we get 
Ry, = an (19-7) 
The factor a is difficult to calculate, and the 
calculated results are heavily in error. Therefore, 
it is customary to find it experimentally for 
many tubes. Thus found, it takes care not only of 
electron inertia but also of other processes 
causing loss of power. For some receiving- 
amplifying tubes operating at normal supply 
voltages the factor a is several hundreds. If 
a=400Qm~? and }=50cm, then R,, = 
= 400 x 0.57 = 100 Q. 
As is seen, the input resistance is very small, 
and this might lead to a prohibitive reduction in 
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gain. The point is that for a stage using a 
pentode the stage voltage gain is 


ky @ oR (19-8) 


where R, is the anode load resistance. If the load 
is a resonant circuit, it would be placed in shunt 
with the input resistance of the tube in the next 
stage, so the overall load resistance would be less 
than R,,. For an amplifier operating at a 
wavelength of 50 cm and using tubes for which 
Jm = 5 MA/V and R;,, = 100 Q, it may be taken 
approximately that R, = 100 Q. Then, k, ~ 
=~ 5x 107? x 10? = 0.5. Thus, instead of gain, 
the stage would produce an attenuation. 

The calculation of R;,, given above holds only 
for low alternating voltages. At high alternating 
voltages (such as generated by oscillators and 
transmitters), a more elaborate procedure 
would be necessary. 

The loss of power in tubes operating at 
microwave frequencies may be caused by other 
factors as well. For example, skin effect is 
responsible for an increased resistance of the 
electrodes and leads. Heavy currents flow over 
the surface of the metal conductors and these are 
wastefully heated. More power is likewise lost in 
the solid dielectrics exposed to an alternating 
electric field, say, in the glass envelope. 

Heavy losses of power in tubes impair the 
efficiency of microwave amplifiers and oscilla- 
tors, cause the tubes to be overheated, and 
drastically reduce the Q-factor of the associated 
resonant circuits. Resonant circuits in the form 
of coaxial transmission lines or cavity resona- 
tors have a Q of several thousands or even 
several tens of thousands. However, when they 
are connected to a tube, their Q is drastically 
degraded (often by an order of magnitude or 
even more). This is equivalent to the impairment 
in the Q of a conventional resonant circuit when 
it is shunted by a relatively small resistance. 


19-5 Tubes in Pulse Operation 


Vacuum tubes used in microwave transmit- 
ters are often operated in the pulsed mode. For 
example, nearly all radar transmitters generate 
pulses with a duration of units or tens of 
microseconds spaced apart by time intervals of 
a greater duration (Fig. 19-9). In this mode of 
operation, the average power is a small fraction 
of the pulse power. Suppose, for example, that 
the pulse duration is t, = 10 ps, the pulse power 
is P, = 100 kW, and the pulse repetition fre- 
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Fig. 19-9 
Microwave oscillations in pulsed operation 


quency is f = 200 Hz. Hence the pulse repetition 
period is 


T = 1/200 = 0.005 s = 5000 ps 


or 500 times the pulse duration. Therefore, the 
average power is one-five hundredth of the pulse 
power: 


P,, = 0.2 kW 


An important indicator of pulse-circuit per- 
formance is the pulse duty factor defined as the 
ratio of the average pulse duration to the 
average pulse repetition period. (The pulse 
repetition period is often termed the pulse 
spacing defined as the time interval from one 
pulse to the next, that is, between the corre- 
sponding times of two consecutive pulses. The 
term ‘pulse interval’ is ambiguous —it may be 
taken to mean the duration of a pulse instead of 
the space or interval between pulses. One should 
also be guarded against an indiscriminate use of 
the term ‘pulse separation’— the interval be- 
tween the trailing edge of a pulse and the leading 
edge of the succeeding pulse.) 

In Soviet practice, it is more customary to use 
the reciprocal of the pulse duty factor, that is, the 
pulse period-to-pulse duration ratio 


Q=T7/t, (19-9) 
Hence, 
Py = P/Q= Patil (19-10) 


Tubes for pulse operation usually have an- 
odes of a small surface area because the anode 
dissipation is decided by the average power. 
High-power pulses are produced by feeding very 
high voltages to the grid and anode during 
a very short time. For example, the anode 
voltage may be as high as tens of kilovolts. To 
avoid a breakdown, special care is taken to 
make the insulation between the electrodes and 
their leads as perfect as practicable, and also to 
maintain a high vacuum. 

The cathode of a tube used for pulse opera- 
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tion must be able to maintain a very high level of 
electron emission. This purpose can well be 
served by oxide cathodes whose emission in 
pulse operation is tens of times the figure 
obtainable in continuous working. Under usual 
condition, an oxide cathode has an emissivity of 
up to 0.5 A cm~?, and the cathode efficiency is 
100 mA W~'. In pulse working, the emissivity 
of an oxide cathode runs as high as 70 A cm~? 
and the cathode efficiency is raised to 10000 
mA W7?. 

The high emissivity in pulse operation is due 
to the ejection of a great number of electrons 
from the oxide coating under the action of the 
strong external electrostatic field which pene- 
trates into this semiconductor coating. This 
level of emission can be maintained by an oxide 
cathode only if the pulse duration does not 
exceed 15-20 us and the pulse spacing is of 
a longer duration. An attempt to maintain 
a high emissivity for a longer time might lead to 
the ‘poisoning’ of the oxide cathode, with the 
result that the emission current would rapidly 
fall off. The high level of emissivity could then be 
restored only after the cathode has been given 
an ample time for ‘rest’. 

Apart from oxide cathodes, tubes for pulse 
operation can use the bariated-tungsten cath- 
ode (or the L cathode, after its inventor H. J. 
Lemmens), the thoriated-oxide cathode, cermet 
cathodes made of a mixture of thorium and 
powdered molybdenum, etc. The emissivity of 
some of them in pulse working is as high as 
300 A cm~?, 


19-6 Microwave Vacuum Tubes 


Microwave vacuum tubes are built so as to 
minimize their interelectrode capacitances and 
lead inductances and the electrode spacings. 
Measures are also taken to minimize power 
losses. Among other things, the envelopes are 
fabricated from special grades of low-dielec- 
tric-loss glass or r.f. ceramic materials. In the 
case of transmitting tubes, special emphasis is 
placed on the cooling of the anode and of the 
tube as a whole because the anode dissipation is 
high and the device might otherwise be over- 
heated. 

UHF tubes can of course operate at lower 
frequencies, but for use in the SHF band they are 
unsuitable. Some of the bantam and miniature 
glass-button tubes can be used in oscillators and 
amplifiers operating in the UHF band (at fre- 
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Fig. 19-10 


Microwave triodes: (a) metal-glass; (b) pencil; (c) 

miniature metal-ceramic. (/) Anode connection; (2) 

grid connection; (3) cathode and heater connection; (4) 
heater connection 


quencies of several hundred megahertz). 

Disc-seal and cylindrical-terminal tubes have 
specially been designed for operation in the 
UHF band and at the lower end of the SHF 
band. The cylindrical and disc seals varying in 
diameter provide for connection of a tube to 
coaxial resonant lines or cavity resonators and 
act as parts of the respective tuned circuits or 
systems. 

An example of such tubes is the metal-glass 
triode shown in Fig. 19-10a. In this tube, one of 
the connections is made common to the heater 
and the cathode disc seal. The tube can be used 
as an oscillator at frequencies as high as 
3.6 GHz and delivers 0.1 W of useful power. 
This design is employed in some special-purpose 
diodes. 

Special mention should be made of the pencil 
or cryon triode (Fig. 19-105). This is a metal 
tube with cylindrical anode and cathode con- 
nections and a disc-seal grid. It can operate as an 
oscillator or an r. f. amplifier at frequencies up to 
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3 GHz and deliver as much as 5 W of useful 
power. Pencil or cryon diodes and triodes are 
also available in other designs. 

Of considerable interest is the subminia- 
ture triode using cylindrical connections 
(Fig. 19-10c). [t is intended primarily for use in 
the input stages of common-grid amplifiers in 
microwave receivers. At a maximum frequency 
of 3 GHz this type of triode has a 12-fold gain in 
power and a 40-fold power amplification at 
1.2 GHz. 

Some of the tubes in the metal-ceramic series 
are able to operate at frequencies as high as 
10 GHz. Nuvistors, small vacuum tubes with 
a cantilever-supported cylindrical electrode that 
eliminates the need for mica supports, can 
likewise operate in the UHF band. Only metal 
and ceramics are used, and there is no getter in 
a nuvistor. 

Larger oscillators, r.f. amplifiers and trans- 
mitters, notably those used for pulse work, 
employ metal-ceramic transmitting triodes si- 
milar in design to the receiving-amplifying tubes 
examined earlier. They are likewise adapted for 
connection to coaxial resonant systems. Figure 
19-11 shows both the external appearance and 
the internal arrangement of a metal-ceramic 
transmitting tube. The cathode, grid and anode 
surfaces are discs spaced closely apart. Some- 
times, the electrodes are dished. The contact 
from the indirectly heated oxide cathode is 
a cylinder which serves at the same time as one 
of the heater contacts. The other end of the 
heater has a contact enclosed inside the cylinder. 
The grid contact is a cylinder which is part of the 
tube envelope. 

The anode is a substantial cylinder with its 
top bonded to a ceramic cylinder acting as part 
of the envelope. At the opposite end this cylinder 
is bonded to the grid seal. The grid and cathode 
connections are separated by a ceramic disc. 
These metal-to-ceramic seals or bonds are the 
special feature of metal-ceramic tubes. These 
tubes use a special grade of ceramic materials 
which suffer low power losses at microwave 
frequencies. The anode is cooled by means of 
a finned radiator screwed onto the anode stud. 
The radiator is blown over with air supplied by 
a fan. Such tubes may well operate without 
a radiator, but at a substantially lower anode 
dissipation and power output. 

Metal-ceramic tubes may be designed for CW 
duty and for pulse work. 
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Fig. 19-11 


External appearance and arrangement of a metal- 

ceramic transmitting triode: (/) anode radiator sup- 

port stud; (2) anode; (3) grid; (4) cathode; (5) heater; (4 

grid connection; (7) cathode and heater connection: (4 
heater connection 


Tubes more elaborate in their electrode struc- 
ture than triodes are seldom used in the UHF 
band. The point is that with several grids 
enclosed in the same envelope a greater spacing 
has to be provided between the anode and the 
cathode, and this would lead to a longer transit 
time. In receiving tubes, an increase in the 
number of electrodes causes a build-up in tube 
noise. All in all, UHF oscillators, r.f. and 
power amplifiers mostly use triodes. Recently. 
however, newer types of tetrodes have been 
developed for use at these frequencies. One of 
them is a metal-ceramic beam tetrode for 
frequencies up to 1 GHz with an output of 
2 kW. There are also dual beam tetrodes for 
ultra-high frequencies. 

It is customary to set up triode amplifier 
stages into a common-grid circuit so as to avoid 
the generation of unwanted oscillations due to 
parasitic coupling via the interelectrode capaci- 
tances (Fig. 19-12). A special feature about this 
circuit configuration is that the input LC-circuit 
is placed in the cathode wire. The control grid is 
returned to the chassis ground at one end and 
connected to the “—” side of the anode supply at 
the other. In this arrangement, the grid doubles 
as a screen grid and minimizes spurious coupl- 
ing between the anode and grid circuits via the 
anode-cathode interelectrode capacitance C,, 
rather than the coupling via the anode-grid 
capacitance C,, as is the case in conventional 
common-cathode amplifier stages. To serve as a 
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good screen, the grid is wound with a fine pitch, 
and so these triodes have a large amplification 
factor (100 and higher). Owing to the closely 
wound grid, the anode-cathode interelectrode 
capacitance is reduced to a few hundredths of a 
picofarad. 

A limitation of the common-grid configura- 
tion is that it has a low input resistance. This is 
because the input current in such a circuit is the 
cathode current, while in a common-cathode 
circuit the input current is substantially smaller 
because it is the grid current. Practically, the 
input resistance for a common-grid circuit is 
approximately equal to 1/g,,. If a tube has a 
transconductance of 5 mA/V, then R;, = 1/5 = 
=0.2 kQ. The signal source is loaded by a small 
R,, and has to supply a good deal of power. 


26: 


transfer = Cak 
i] 


Fig. 19-12 
Common-grid amplifier stage 


Despite this limitation, the common-grid con- 
figuration is employed often because it operates 
consistently and does not jump into unwanted 
self-excited oscillations. 


Chapter Twenty 
Advanced Types of Microwave Tubes 


20-1 General 


There is quite a number of advanced types of 
tubes for use at microwave frequencies. They 
depend for their operation on the fact that the 
electrons acquire their kinetic energy from the 
electrostatic field set up by a power supply and 
transfer some of this energy to a microwave 
electromagnetic field which retards the elec- 
trons. They are in fact wave-interaction tubes. 
There are two broad classes of wave-interac- 
tion (or wave-type) tubes. They are O-type (or 
linear-beam) tubes and M-type (or crossed-field) 
tubes. In O-type devices a d.c. magnetic field is 
either absent or used solely to focus the electron 
beam. M-type tubes use crossed E and H fields, 
that is, a d.c. electric field at right angles to a 
d.c. magnetic field, which is the reason why they 
are called crossed-field wave-type tubes. The 
joint action of the two fields governs to a large 
extent the path travelled by the electrons. 
Historically, the first representatives of 
O-type tubes have been k/ystrons widely used 
even today. Rather than being a nuisance, the 
transit-time effects in the klystron are essential 
for normal operation. The basic types of klyst- 


rons are the drift-tube two-cavity (or multicavity) 
klystrons and the reflex klystrons. The former are 
good as oscillators, r.f. and power amplifiers, and 
the latter only as oscillators. The O-type class 
also includes the travelling-wave tube (TWT) and 
the backward-wave tube (BWT). It is important 
to add, however, that there are also M-type 
TWTs and M-type BWTs. Historically, the first 
M-type tube has been the maagnetron. 
Recently, more M-type tubes have been deve- 
loped, such as the Amplitron (a broadband 
crossed-field amplifier tube with a re-entrant 
electron stream; the electron stream interacts 
with the backward wave of a non-reentrant r.f. 
structure) developed by the Raytheon Manu- 
facturing Company (USA), and the Stabilotron 
(which is actually the same as the Amplitron but 
it is called the Stabilotron when used as a self- 
excited stabilized oscillator) also developed by 
Raytheon. 

In more detail the wave-type tubes are dis- 
cussed in the sections that follow. 


20-2 The Drift-Tube Klystron 


In sketch form, the arrangement and con- 
nection of a two-cavity drift-tube klystron are 
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Part Two. Electron Tubes 


Fig. 20-1 


Structure and operation of a two-cavity drift-tube klystron 


shown in Fig. 20-la. The tube is primarily 
intended for use as an amplifier. The electron 
stream emitted by the cathode of an electron 
gun moves via two pairs of grids towards 
a collector electrode. The grids are the walls of 
two resonant cavities, RC, and RC, (sometimes, 
the grids are just openings made in the cavities). 
RC, is the input cavity to which the signal to be 
amplified is fed at frequency f over a coaxial line 
and a coupling loop. Its grids / and 2 are called 
the buncher grids because they make up what is 
known as the buncher. Owing to its action, 
a small amount of drive power fed to the input 
cavity causes a high a.c. voltage to appear 
across the cavity gap formed by the grids. The 
resulting velocity modulation and bunching 
action produce a large a.c. current in the beam. 
RC, is the output cavity which is located a 
suitable distance from the first and a high 
voltage is induced across its two grids, 3 and 4, 
called the catcher grids. Useful power is coupled 
out of the output (catcher) cavity by means of 
a coupling loop and a coaxial line. 

The accelerating field that causes electrons to 
enter the buncher cavity at a high velocity ug is 
produced between the buncher grid / and the 
cathode by a positive potential V,, applied to 
both cavities and the collector. 

When oscillations take place in the buncher 
(input) cavity, RC,, an alternating electric field 
exists between the buncher grids / and 2. This 
field alternately accelerates and decelerates the 
incoming electron stream during the consecu- 
tive half-periods of the r.f. cycle. During the 
half-cycle when grid 2 is positive and grid / is 


negative, the field between them is accelerating. 
and the electrons moving through the buncher 
gap acquire an additional velocity Av. During 
the next half-cycle when grid 2 is negative and 
grid J is positive, the field becomes decelerating. 
and the velocity of the passing electrons is 
diminished by Au. Only the electrons that pass 
through the buncher at the instant when the 
applied voltage is zero are able to travel at uo. 

Thus, the electrons finding themselves be- 
tween the catcher grids 2 and 3, called the drift 
space, have all different velocities. There is no r. f. 
electric field in the drift space because there is no 
potential difference between grids 2 and 3, and 
the electrons keep on moving at velocities that 
remain unchanged. Here, the electrons that were 
accelerated in the input cavity during one 
half-cycle catch up with those that were decele- 
rated during the previous half-cycle. As a result, 
the electron beam is divided into individual 
bunches having a higher current density. It may 
be said that owing to the velocity modulation of 
the electron stream, this stream is density mo- 
dulated in the drift space. 

The way an electron bunch is formed can be 
illustrated graphically. Figure 20-15 relates the 
distance s travelled to the time ¢ expended by 
electrons moving through the buncher at diffe- 
rent instants, and also variations in the r.f. 
voltage across the input cavity. The distance s is 
reckoned from the buncher gap. The electrons 
move through the drift space at a uniform 
velocity, so their travel can be represented by 
straight lines whose slope is indicative of the 
travel velocity. 


Ch. 20. Advanced Types of Microwave Tubes 


Consider the motion of three electrons moy- 
ing through the buncher at times ¢,, ¢,, and £3. 
Let the electrons enter the buncher at the same 
velocity and also let their transit time through 
the buncher be shorter than the period T. Then 
the electron passing through the buncher at time 
t, keeps on moving at the same velocity ug, and 
its travel is represented by a straight line having 
some average slope. The line representing the 
travel of the electron passing through the bun- 
cher at time ¢, has a smaller slope because this 
electron was decelerated in the cavity and it has 
a lower velocity. In contrast, the electron pass- 
ing through the buncher at time f, is accelerated 
in the cavity, and the line representing its travel 
runs steeper. The three lines intersect at about 
the same point. This means that the three 
electrons are bunched together at this point 
along their path. Any other electrons passing 
through the buncher at the intermediate ins- 
tants will arrive at this point likewise at about 
the same instant. The electrons moving through 
the buncher before t, and after t; will not be 
bunched together, and this fact is illustrated in 
the plot. 

Thus, a bunch can only be formed by the 
electrons passing through the buncher during 
the same half-cycle of the r.f. field. A good 
bunching action is possible only when the 
velocity modulation depth of electrons is mo- 
derate, that is, when the changes in the velocity 
of the electrons under the influence of the 
modulating r.f. field are insignificant in com- 
parison with the velocity they acquire from the 
d.c. accelerating voltage. Therefore the r.f. 
voltage across the cavity gap must be a fraction 
of the d.c. voltage V,. The bunching action is 
repeated during one half-cycle of each period. 

The d.c. voltage Vi, is chosen such that the 
electrons are bunched in the catcher, that is, at 
a distance d from the buncher. If V;, is too high, 
electrons will be bunched at a greater distance 
(between the catcher and the collector). If V, is 
too low, this will happen too close to the 
buncher (in the drift space). It follows therefore 
that V,, must be maintained at a precisely 
defined and stabilized value. 

Past the point of the maximum bunching 
action, the electrons spread apart again. If we 
extend the plots of electron travel, we will see 
that the bunching action again occurs first at 
a distance 3d, then at a distance 5d, etc. This 
action is not, however, utilized for practical 


265 


purposes because there is no advantage to be 
gained from increasing the size (mostly, the 
length) of the klystron. 

To repeat, the catcher receives electron bun- 
ches that follow one another at frequency f: They 
give rise to induced current pulses and excite 
oscillations in the output cavity. For these 
oscillations to reach a maximum amplitude, the 
output cavity must be tuned to the same fre- 
quency f to which the input cavity is tuned. 
Much as the anode current pulses in an r.f. 
amplifier stage traverse the anode resonant 
circuit and build up amplified oscillations there, 
so in the klystron the electron stream made up of 
bunches gives rise to amplified oscillations in the 
output cavity. The amplification occurs due to 
the energy supplied by the source of V,, setting 
up the accelerating field. The electrons acquire 
more energy in this field and, since they are 
velocity-modulated in the input cavity, they give 
up some of this energy to the output cavity. 

Electron bunches, or current-density waves, 
pass through the output cavity when its electric 
field produces a decelerating effect. The elec- 
trons passing through the output cavity are 
intercepted by the collector electrode and heat 
it. Some electrons are also intercepted by the 
buncher and catcher grids. If the electron beam 
were not velocity-modulated, it would not be 
able to maintain oscillations in the output cavity 
because a uniform electron stream would ab- 
sorb energy from the cavity during the half- 
cycles when its field is accelerating and give up 
the same amount of energy during the half- 
cycles when its field is decelerating. As a result, 
no energy would be transferred from the elec- 
trons to the cavity. 

The same reasoning can be applied to the 
interaction between the electron stream and the 
input cavity. If a uniform electron stream en- 
tered this cavity, it would take away some 
energy from the cavity during one half-cycle and 
return the same amount of energy during the 
next half-cycle. No energy would be withdrawn 
from the cavity over a whole cycle, so no velocity 
modulation of the electron beam would take 
place. 

We have not considered electron inertia, 
however. Although they travel through the 
buncher very fast, the electrons do have some 
inertia, and because of it some energy is expend- 
ed to effect modulation. To minimize it, it is 
customary to raise V, and to minimize the 
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spacing between the buncher grids. Because 
little power is lost in the input cavity, its input 
impedance and Q-factor are fairly high. 

Two-cavity klystrons can yield a power gain 
of tens. Their major limitation is that their 
efficiency (defined as the ratio between the useful 
oscillatory power in the output cavity to the 
power supplied by the d.c. collector source) is 
not more than 20% although the theoretical 
limit is as high as 58%. Failure to achieve this 
theoretical figure can be explained by several 
factors. For one thing, the current density 
produced by the bunching action is not high 
enough because the electrons are emitted by the 
cathode at different velocities. Therefore, when 
they are passing through the buncher at the 
same instant of time, they differ in velocity. For 
another, there is mutual repulsion between the 
electrons in the stream. Furthermore, the inertia 
of the electrons passing through the catcher is 
responsible for the fact that some oscillatory 
energy existing in the output cavity is taken 
away by electrons. Last but not least, some 
electrons are not bunched at all, and this means 
that they do not contribute to the useful effect. 
All in all, a sizeable proportion of the total 
energy is wasted to heat the grids and collector 
because in the Jong run all of the electrons reach 
these electrodés at some velocity. 

Two-cavity klystrons are used as amplifiers in 
microwave transmitters. Their useful power in 
the CW mode may be tens of kilowatts. In pulse 
working, the figure is tens of megawatts. Power 
output decreases with decreasing wavelength 
(with increasing frequency). 

Since the bunching action produces large- 
amplitude harmonics, the klystron can be used 
as a frequency multiplier if the output cavity is 
tuned to a higher harmonic. Multiplication 
ratios of 10 to 20 are typically used. 

Klystrons are a poor choice as amplifiers for 
weak signals because of the strong inherent 
noise. 

Increased efficiency results when one or more 
resonant cavities are placed between the input 
and output cavities. This is the reason why, at 
this writing, preference is given to multicavity 
klystrons. Although they are more elaborate in 
design, they offer a number of advantages over 
two-cavity devices. 

In a multicavity klystron, the first cavity is 
input and the last cavity is output. The inter- 
mediate cavities are only connected to the “+” 
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Fig. 20-2 


Structure of a multicavity drift-tube klystron: FC 
focusing coils; FE, focusing electrode 


terminal of the power supply (Fig. 20-2). The 
pulsating electron stream produces oscillations 
and, as a result, an alternating electric field 
which additionally modulates the electron 
beam, and enhances the bunching action. In 
consequence, higher current-density waves 
reach the output cavity, and the efficiency and 
power gain of the device are greatly increased. 

State-of-the-art drift-tube klystrons widely 
differ in output power, number and type of 
cavities, methods of beam focusing, manner of 
coupling r.f. energy in and out of the cavities, 
frequency tuning, cooling, and some other fea- 
tures. They may be designed for either conti- 
nuous-wave (CW) or pulsed work. 

In pulsed klystrons, the pulse repetition rate is 
usually from tens to thousands of hertz and the 
pulse duration from a fraction of a microsecond 
to milliseconds. In terms of power, drift-tube 
klystrons may be classed into low-power, me- 
dium-power, high-power, and extra-high-power 
The respective pulse power is less than 
10 kW, from 10 kW to | MW, from | to 
100 MW, and over 100 MW. The power 
ratings of CW klystrons are by a factor of 10° 
lower. It may be added that we have quoted 
figures applicable to klystrons for use in the 
UHF band. In the SHF band, the respective 
ratings are lower. 

Beam focusing may be electrostatic, electro- 
magnetic (by a coil), or magnetic (by permanent 
magnets). Energy can be coupled in and out of 
the cavities by means of coaxial, waveguide, or 
combination (coaxial-waveguide) devices. The 
cavities may be internal, that is, built into the 
klystron itself, or external. Most often klystrons 
are fabricated tuned to some fixed frequency, 
but there are also tunable klystrons in which the 
cavities can be tuned to any desired frequency 
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mechanically. Unfortunately, mechanical tuning 
is a complicated procedure and enables the 
tuning frequency to be changed by not more 
than 10-15%. High-power klystrons may be 
naturally or forced (water or air) cooled. 

Multicavity klystrons may be 40-50% effi- 
cient but for most of them the figure is markedly 
lower. Their power gain is sometimes tens of 
thousands. Practically, a power gain of more 
than 10° is difficult to obtain. High-power 
klystrons, especially those for pulse work, need 
supply voltages of tens or even hundreds of 
kilovolts. 

Drift-tube klystrons have a very narrow 
bandwidth because there are several tuned 
cavities. As a rule, the bandwidth does not 
exceed several megahertz. The overall band- 
width may somewhat be expanded by staggered 


tuning of the cavities, but this will lead to a lower’ 


gain. Power output may sometimes be increased 
by using multi-beam klystrons. In them, several 
electron beams pass through the same cavities in 
parallel. 

The drift-tube klystron can be made to os- 
cillate (that is, converted to a self-sustained 
oscillator) by providing a feedback loop from 
the output to the input cavity in the form of 
a coaxial cable. The length of the cable is chosen 
such that the wave fed back is in phase with the 
oscillations in the input cavity. Then the cur- 
rent-density waves (electron bunches) will pass 
through the output cavity during the half-cycles 
when the field is a decelerating one, and main- 
tain the oscillations. If they were fed back in 
anti-phase, they would withdraw energy from 
the output cavity, and the oscillations would die 
out rapidly. Sometimes, the input and output 
cavities of a two-cavity klystron have acommon 
wall. In such a case, diffraction feedback is 
utilized by making a hole in the common wall. 

Drift-tube klystrons are used as self-sustained 
oscillators very seldom. In fact, a far better 
performance for local oscillators (usually in the 
low-power rating class) is obtained with the 
reflex klystron which has only one cavity and so 
there is no need for a precise tuning of several 
cavities as in a multicavity klystron. 


20-3 The Reflex Klystron 


The connection and arrangement of the reflex 
(single-cavity) klystron are shown in Fig. 20-3. 
Here a reflector, or repeller, located past the 
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(a) 


Fig. 20-3 
Arrangement and operation of a reflex klystron 


cavity resonator turns the beam back upon 
itself, so that the cavity acts as both the buncher 
and the catcher. The electron beams are acce- 
lerated by a high d.c. voltage V,, and the 
reflector is maintained at a voltage V, negative 
with respect to the cathode. For better beam 
focusing the cathode is enclosed in a cylinder 
which is called the focusing electrode and is 
usually connected to the cathode. Energy is 
coupled out of the resonator with the aid of 
a coupling loop and a coaxial line. 

Driven by the accelerating field, the electron 
beam enters the cavity and produces an electro- 
statically induced current pulse in it. This gives 
rise to oscillations which excite an alternating 
electric field between the walls of the cavity. This 
field velocity-modulates the electron beam. As 
a result, the electrons leave the cavity at different 
velocities and enter the drift (or interaction) 
space between the resonator and the repeller 
where a d.c. decelerating field is at work. The 
electrons entering this field are slowed down, 
brought to a stop, and finally accelerated back- 
wards into the resonator. The higher the velo- 
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city of an electron, the deeper it moves in the 
decelerating field and the longer it stays there. 
As a result, the electrons passing through the 
resonator during the positive half-cycles and 
accelerated more by the alternating electric field 
can return the same instant as do the electrons 
passing through the resonator at a later time 
(that is, during the negative half-cycles) and 
decelerated by the alternating field. 

This can conveniently be illustrated by the 
following analogy. If we throw upwards three 
identical objects, but the first at a maximum 
velocity and the third with a minimum velocity, 
the three may fall back all at the same time. The 
first will rise farther than the remaining two and 
will be in motion for a longer time, and the last 
will rise least of all and will return the shortest 
time interval later. 

Although velocity modulation in the reflex 
klystron occurs in the same way as it does in the 
drift-tube klystron, the bunching action is dif- 
ferent. Figure 20-3 shows the paths of electrons 
in the reflex klystron to explain the principle of 
the bunching action. These paths are not 
straight lines, but curves (parabolas) because 
each electron is moving nonuniformly. At first, 
an electron is slowed down (as far as the stop 
point), then it is accelerated back upon itself. 
The electrons leaving at times ¢,, ¢, and 7, come 
back all at the same instant or, which is the 
same, there appears a local current-density wave 
or an electron bunch. The same reasoning 
applies to the electrons passing through the 
resonator at the intermediate instants between 
t, and fs. 

A current-density wave may return into the 
resonator at different instants, depending on the 
values of V, and V,. On returning, the cur- 
rent-density waves give up their energy to the 
resonator only when they enter a decelerating 
field, that is, when grid / is negative and grid 2 is 
positive (for the forward-travelling electron 
beam this will be an accelerating field). The 
electrons give up most of their energy when they 
return at the instants of a maximum decele- 
rating field in the resonator. When they return at 
any other instants, they give up less energy, and 
the oscillations carry less power. Indeed, the 
oscillations may cease altogether if the returning 
electrons supply too little energy. If a cur- 
rent-density wave returns during the negative 
half-cycles when there is an accelerating field in 
the resonator, the electrons tap energy from the 
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resonator, and the oscillations decay at a faster 
rate. 

It is customary to state the transit time in the 
drift space, t,, that is, the time interval between 
the instant when electrons leave the resonator in 
the forward direction and the instant when they 
return to the resonator, for some central or axial 
electron (ejected at time ¢,) around which the 
remaining electrons are grouped. In Fig. 20-3 
this time is 1.75 T. By raising the magnitude of 
the negative voltage at the repeller we can cause 
the electron bunch to return at time ¢4, that is, at 
the instants spaced 0.75 T apart. Conversely, by 
lowering the repeller voltage, we can cause the 
electrons to travel farther into the retarding field 
and to return to the resonator at the instant 
2.75 T later. At all of these instants, the electron 
bunches give up the largest amount of energy to 
the resonator because they enter the retarding 
field when it is at its maximum intensity. Thus, if 
we wish to maintain undamped oscillations 
carrying the largest amount of power in a reflex 
klystron, we must satisfy the following con- 
dition: 

t, =(n + 3/4)T 
or (20-1) 


t= (n+ 3/A/f 

where v7 is any integer, including zero, called the 
mode number. Hence, several modes can exist in 
the reflex klystron. When n = 0 and ¢, = 0.75 T, 
we have the zeroth mode. When n = 1 and #, = 
= 1.75 T, we have the first mode. The second 
mode corresponds to n = 2 and f, = 2.75 T, etc. 
Figure 20-4 shows the paths of electron bunches 
for the first three modes. 

Several factors affect the transit time of elec- 
trons in the reflex klystron. An increase in the 
separation d between the resonator and the 
repeller leads to a decrease in the strength of the 
retarding field at the same potential difference 
V,—V,. A weaker field, however, retards the 
electrons less, and they move farther into the 
field and return at a later time. Thus, given 
a large value of d, we may obtain a higher mode 
number. 

The transit time is strongly affected by the 
repeller voltage—this fact is illustrated in 
Fig. 20-4. An increase in the magnitude of V, 
leads to a stronger retarding field 


E=(V,—V)/d 
and the klystron operates in a mode of a lower 
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V-=— 100 volts 


V, =~ 60 volts 
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(c) 


V_=- 20 volts 
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Fig. 20-4 


Motion of electrons in an operating reflex klystron in (a) the zeroth voltage mode, (4) the Ist 
voltage mode, and (c) the 2nd voltage mode 


number. The way variations in V, affect the 
power of oscillations in the resonator is demon- 
strated in Fig. 20-5. This power is usually 
a maximum for some single mode where the 
bunching action is most effective (the current 
density is at its largest). For modes of the higher 
or lower numbers the power of oscillations is 
smaller because of the poorer bunching action. 
This impairment in bunching may be caused by 
the mutual repulsion of the electrons in the 
beam, the difference in initial velocity between 
the emitted electrons, variations in field strength 
between the drift space and the grids, and some 
other factors. 

The d.c. beam-accelerating voltage at the 
resonator, V,, has a weaker influence on the 
transit time. Its variations lead to two opposing 
effects which balance each other to some extent. 
If, for example, we raise V,, the electrons will 
gain in speed and tend to move farther into the 
drift space or, which is the same, their transit 
time will tend to increase. A rise in V,,, however, 
leads to a rise in the strength of the retarding 
field in the drift space so that the electrons are 
slowed down more and tend therefore to return 
at an earlier time or, which is the same, the 
transit time tends to be shorter. 

If we move to an ever greater mode number 
by progressively reducing the magnitude of the 
negative voltage at the repeller, we will in the 
long run find ourselves in a situation where at 
V, > 0 the electrons will be intercepted by the 
repeller and fail to return to the resonator. 

Reflex klystrons are not more than 3-5% 
efficient; sometimes they may be even less than 
1% efficient. Therefore they are manufactured 


for power outputs not more than | W. Most 
often reflex klystrons are used as local oscil- 
lators for receivers and test equipment. Their 
available power output is usually several hund- 
redths or tenths of a watt. 

Reflex klystrons can be tuned in several ways. 
One is capacitive tuning which consists in that 
the separation and, as a consequence, the capa- 
citance between the resonator grids is changed 
by some mechanical means. This type of tuning 
is ordinarily employed in reflex klystrons with 
built-in resonators. The tuning range is usually 
5-10%. In the case of an external resonator, the 
tuning frequency can be varied by as much as 
20% by moving a metal plunger inside the 
resonator. Tuning must be accompanied by 
adjustment of, say, the repeller voltage so as to 
assure the best conditions for self-sustained 
oscillations. In such cases, it is said that the 
repeller voltage must be tracked with the cavity 
tuning. 

Narrow tuning ranges can be obtained by 
varying the repeller voltage alone. This is elec- 
tronic tuning. If we raise the magnitude of the 
negative repeller voltage, the electron bunches 
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Fig. 20-5 

Power output ofa klystron as a function of the repeller 
voltage 


n=2 
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will return to the cavity at an earlier time and the 
frequency of oscillations will be increased. If we 
lower the magnitude of the negative repeller 
voltage, the electron bunches will return to the 
cavity at a later time, and the frequency of 
oscillations will be decreased. There is a me- 
chanical analogy for electronic tuning. Suppose 
that a pendulum is kept swinging by pushing it 
from without. If we push the pendulum when it 
is in one of its extreme positions, the frequency 
of oscillations will be equal to the natural 
frequency of the pendulum. However, we might 
push the pendulum a bit earlier, that is, before it 
reaches its extreme positions. As a result, the 
frequency of oscillations would somewhat rise. 
If we wish to lower the frequency of oscillations, 
we should push the pendulum at a later time 
during each swing. 

Electronic cavity tuning leads to a fall in 
power output. Therefore, it is ordinarily used so 
that power output is not more than halved. The 
electronic tuning range is as a rule several tens of 
megahertz on either side of the central frequen- 
cy. One volt of change in repeller voltage leads 
to a frequency change of a few tenths of one per 
cent of the operating frequency, that is, several 
megahertz. In specially designed klystrons, the 
electronic tuning range may be as wide as 
10-15%. 5 

The fact that the repeller voltage has a strong 
effect on the power output and signal frequency 
offers a means for amplitude, frequency, and 
pulse modulation effected by applying the mo- 
dulating voltage to the repeller. 

Because reflex klystrons fall solely in the low 
power class, the accelerating voltage taken from 
the supply source is usually 250-450 V, being as 
high as 2500 V only in some special klystrons. 
The beam current may be tens of milliamperes. 

The strong effect of supply voltages (notably 
the repeller voltage) on the signal frequency 
necessitates the use of regulated (stabilized) 
power supplies in many cases. 


20-4 The Magnetron 


The magnetron is an extremely important type 
of high-power microwave oscillator. It is used in 
radar transmitters, particle accelerators, mic- 
rowave-heating units, etc. The underlying prin- 
ciple of the magnetron is the interaction between 
an electric and a magnetic field, on the one hand, 
and electron beams, on the other, leading to the 
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Fig. 20-6 
Structure of a magnetron 


Fig. 20-7 


Magnetron cavities as quarter-wavelength lines 


generation of oscillations at microwave frequen- 
cies. At present, the most commonly used form 
of device is the multicavity magnetron. 

The structure of a multicavity magnetron is 
shown in Fig. 20-6. It is a high-vacuum diode 
containing a cathode and an anode. The cath- 
ode is mostly of the indirectly heated, oxide- 
coated large-area type. At the ends the cathode 
has discs which prevent electrons from moving 
axially. The anode is a substantial copper block 
usually divided into two or more segments. The 
evacuated space between the cathode and anode 
is called the interaction space which is in com- 
munication via slots left between the segments of 
the anode so that an even number (say, 8) of 
resonant cavities are formed in the form of 
cylindrical holes. Each slot acts as a capacitor. 
Alternating electric charges are formed on its 
surfaces, and an electric field is set up in each 
slot. The cavity inductance is supplied by the 
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cylindrical surface of each cavity or hole equi- 
valent to one turn of an inductor. The large 
surface area of each ‘turn’ serves to reduce both 
its resistance and inductance. Such a resonator 
stands somewhere between a lumped-constant 
resonant circuit and a quarter-wavelength 
resonant transmission line. What we have de- 
scribed is sometimes called a hole-and-slot 
magnetron. In some devices, resonators take the 
form of slots alone, and quite aptly one then has 
a slot magnetron. The slots are quarter-wave 
long (Fig. 20-7). 

There is a very tight coupling between the 
magnetron cavities because the alternating 
magnetic field of one cavity links the adjacent 
cavities (Fig. 20-8). Also, there are straps which 
are wires or strips connecting the ends of the 
segments in the anode as shown in Fig. 20-6. 

For better cooling, the outer surface of the 
anode has the form of a finned radiator some- 
times blown over with air. Together with the 
copper discs bonded to the anode, the structure 
forms an envelope which is then evacuated and 
maintained at the desired vacuum. The heater 
leads are passed inside glass tubes sealed to the 
anode. The cathode is usually connected to one 
of the heater leads. 

Microwave energy is extracted from the mag- 
netron by means of a coupling loop placed in 
one of the cavities and connected to a coaxial 
line. The coaxial line is brought out likewise 
inside a glass tube. Owing to the tight coupling 
between the cavities, microwave energy is ex- 
tracted from all the resonators. At very short 
wavelengths, microwave energy is extracted by 
means of a waveguide coupled to a resonator by 
a slot. Sometimes both a coaxial line and 
a waveguide may be used to extract the output 
microwave power. 

The anode of a magnetron is highly positive 
with respect to the cathode. Since the anode also 
doubles as the envelope of the magnetron, it is 
usually grounded while the cathode is held at a 
high negative potential. This produces between 
the anode and cathode an accelerating field 
whose lines of force run radially as in a diode 
with cylindrical electrodes. Parallel with the axis 
of the magnetron is a strong d.c. magnetic field 
set up by a magnet whose pole pieces enclose the 
magnetron. One likely arrangement of the mag- 
net system is shown in Fig. 20-9. In what are 
called packaged magnetrons, the permanent 
magnets are made integral with the tube itself. 
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Fig. 20-8 


Magnetic coupling between adjacent anode cavities 
(resonators) 


Fig. 20-9 


Magnetron using an external magnetic system: /, 
microwave connection; 2, radiator; 3, magnet; 4, 
heater connection 


Let us trace the motion of electrons in a 
magnetron, assuming that no oscillations exist 
in its cavities. To simplify matters, the anode is 
shown unslotted (Fig. 20-10). Influenced by an 
accelerating electric field, the electrons tend to 
follow the lines of force, that is, to travel radially, 
towards the anode. However, as soon as they 
come up to a certain velocity, the constant 
magnetic field which is at right angles to the 
electric field bends their paths. The radius of 
curvature gradually increases with increasing 
velocity of the electrons. For this reason, the 
electrons follow paths which are high-order 
curves. The figure shows the travel paths of an 
electron leaving the cathode at a negligibly low 
initial velocity for several values of the magnetic 
flux density (or magnetic induction) B, with the 
anode voltage held at a constant value. 

At B = 0, the electron travels along radius /. 
At a magnetic flux density below some critical 
value, B,,, the electron travels to the anode 
along a curved path 2. At B,,, a more curved 
path 3 results. Now the electron moves near the 
anode surface without touching it, and goes 
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back to the cathode. Finally, at a magnetic flux 
density above B,,, the electron makes a still 
tighter U-turn somewhere between the anode 
and the cathode (curve 4) and returns to the 
cathode. 

Magnetrons are operated at a magnetic flux 
density which somewhat exceeds B,,.. Therefore, 
in the absence of oscillations, the electrons move 
very close to the anode surface but at different 
velocities because they set out on their journeys 
at different initial velocities. Since a very great 
number of electrons are in motion, a rotating 
electron sheath is formed around the cathode 
(Fig. 20-11). Of course, the electrons do not 
remain in this rotating sheath permanently. The 
electrons leaving the cathode earlier return there 
to be replaced by the electrons leaving it at 
a later time. The rotating sheath moves at an 
angular velocity determined by the anode vol- 
tage —at a high anode voltage the electrons pass 
by the anode at a very high velocity. If no 
electrons are to be intercepted by the anode, the 
magnetic flux density must be made higher. 

The rotating electron space charge produced 
by the joint action of the crossed d.c. electric and 
magnetic fields interacts with the alternating 
(r.f.) electric fields of the resonators and main- 
tains oscillations in them. This interaction is an 
extremely complicated process, so we will dis- 
cuss it in general terms only. 

To begin with, let us see how oscillations are 
brought about in the cavities. Since all the 
cavities are tightly coupled to one another, they 
make up a composite resonant system which has 
several natural frequencies. When the electron 
beam just starts revolving past the cavity slots 
(such as when the anode voltage is turned on), 
electrostatically induced current pulses are pro- 
duced in the cavities, and damped oscillations 
are elicited. They may differ widely in frequency 
and phase. For example, in the case of a 
symmetrical system, the oscillations initiated in 
the cavities will be in phase. Unfortunately, 
complete symmetry can never be achieved. So 
other oscillations are initiated, shifted in phase 
from one another. 

The largest available power output and the 
highest efficiency are obtained when the oscil- 
lations in one cavity are in anti-phase (that is, 
180° out of phase) with those in the other 
cavities—this is known as m-mode operation. 
Figure 20-12 shows the r. f. electric fields for this 
mode of operation, the polarities of the r.f. 
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Fig. 20-10 
Effect of a magnetic field on the motion of electrons in 
a magnetron 


Fig. 20-11 


Rotating electron space-charge sheath in a magnetron 
in the absence of oscillations 


potentials at the anode segments, and the direc- 
tions of the currents flowing over the surfaces of 
the cavity holes. Because we know the role 
played by the d.c. electric field that accelerates 
the electrons and imparts them the necessary 
kinetic energy, the field is not shown in the figure 
for simplicity. 

In m-mode operation there is a very tight 
inductive coupling between the cavities because 
the magnetic flux from one moves into another 
(see Fig. 20-8). As a rule, magnetrons are ope- 
rated in the m-mode, and measures are usually 
taken to facilitate the onset of these oscillations. 
This purpose can, for example, be served by 
placing straps between alternate anode seg- 
ments on which the potential is of the same 
polarity. Other modes will then die out rapidly. 

The electrons interact with the r.f. electric 
field in such a way that, with the operating 
conditions properly adjusted, the electron beam 
transfers to the field more energy than it with- 
draws from it. This is essential for the oscilla- 
tions initiated in the cavities to become un- 
damped. There are several factors that facilitate 
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Fig. 20-12 


Travel paths of an unfavourable electron (A) and of a favourable electron (B) in 
a magnetron in the presence of oscillations in the anode cavities (resonators) 


energy transfer from the electron stream to the 
cavities. 

Above all, the r.f. electric field sorts out the 
electrons into ‘favourable’ and ‘unfavourable’ 
ones, with the latter swept out of the interaction 
space and driven back to the cathode. Let us 
take a closer look at this action. 

For the electrons travelling clockwise 
(Fig. 20-12), the odd-numbered cavities (/, 3, 
etc.) produce accelerating electric fields, while 
the even-numbered cavities (2, 4, etc.) produce 
decelerating fields. In fact, every half-cycle an 
accelerating field becomes decelerating and vice 
versa. The figure shows the travel paths of two 
electrons. Electron A enters an accelerating field 
and absorbs some energy from the cavity —it is 
an unfavourable electron moving away from the 
cavity slot and returning to the cathode. If only 
a d.c. field were present, this electron would 
follow the path shown dashed. However, the r. f. 
field of cavity 7 bends the path followed by the 
electron and adds more energy to it so that it 
goes back to the cathode. Unfavourable elec- 
trons bombard the cathode and produce what is 
known as back heating —a factor that has to be 
reckoned with when using magnetrons. It redu- 
ces the heater current required when the tube is 
running and also stimulates secondary electron 
emission. Therefore, the cathode surface must be 
made strong enough to avoid its destruction by 
electron bombardment. 

Electron B entering the retarding r. f. field set 
up by cavity 2 follows a more intricate path. This 
electron contributes some of its energy to the 


cavity, and what is left is not enough for the 
electron to return to the cathode. It loses all of its 
energy at some point in the interaction space 
before it reaches the cathode, then it is again 
accelerated towards the anode and its path is at 
the same time bent by the magnetic field. 

In a magnetron with properly adjusted anode 
voltage and magnetic flux density, the time it 
takes a favourable electron to travel from one 
slot to the next is equal to a half-period. On 
arriving at the slot of cavity 3, this electron finds 
itself in a retarding field again because what was 
an accelerating field a half-period before now 
becomes a retarding field. In consequence, the 
electron again contributes some of its energy to 
the cavity and follows a still shorter path in the 
direction of the cathode. Finally, on having 
expended a sizeable proportion of its energy, the 
electron is collected by the anode. Of course, 
what we have described is only an approxi- 
mation to the true path travelled by a favourable 
electron. 

Favourable electrons contribute to the cavi- 
ties more energy than unfavourable electrons 
absorb from them. The point is that an un- 
favourable electron absorbs energy only from 
one cavity and also it moves past the slot at 
a fairly large distance from it, that is, in a weak 
r. f. field. So it can absorb a very small amount of 
energy from the cavity. In contrast, a favourable 
electron contributes energy to two cavities and 
travels closer to their slots, that is, in a stronger 
r.f. field. 

Energy transfer from the electrons to the 
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cavities is promoted by electron-stream modu- 
lation similar to the modulation taking place in 
a two-cavity klystron. Every preceding cavity in 
a magnetron acts as a buncher for the rotating 
sheath of electrons, and every next cavity as a 
catcher. However, the modulation pattern here 
is more complicated. In a two-cavity klystron, 
the advancing electron stream is velocity-mo- 
dulated so that a bunched beam is produced. 
The bunching takes place in the drift space free 
from electric and magnetic field. 

In a magnetron, the rotating sheath of elec- 
trons is likewise influenced by the r. f. alternating 
electric field of a given cavity and is velocity- 
modulated. However, this field is anything but 
uniform, so it changes not only the velocity but 
also the travel path of the electrons. The process 
is complicated by the fact that it takes place in 
a radial d.c. electric field which affects the 
velocity of electrons and, jointly with the d.c. 
magnetic field, their trajectories. 

An outcome of this velocity modulation and 
path bending is that the rotating sheath of 
electrons is bunched into a configuration re- 
sembling spokes of a wheel (Fig. 20-13). The 
number of electron ‘spokes’ is half the number of 
resonant cavities. Of course, these ‘spokes’ are 
diffused and not sharply defined. 

When the operating conditions of a mag- 
netron are properly adjusted, the space-charge 
cloud rotates at an angular velocity such that 
the ‘spokes’ move past the slots at the instants 
when a retarding r.f. field exists there. In 
contrast, the spacings between the ‘spokes’ 
move past the slots at the instants when an 
accelerating field exists. As a result, the electron 
sheath transfers some of its energy to the cavities 
and also loses some of its energy as the electrons 
back-heat the cathode and heat the anode. All of 
this energy comes from the anode supply. 

The number of cavities N, the magnetic flux 
density B, and the frequency of oscillations fare 
connected by a relation of the form 
NB=af (20-2) 
where ais a coefficient dependent on magnetron 
design. 

The magnetic flux density is connected to the 
anode voltage by the following equation: 
B= bv}? 
where 5 is a constant. 

It is seen from Eqs. (20-2) and (20-3) that for 
operation at higher frequencies a magnetron 


(20-3) 
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Fig. 20-13 


Rotating electron space charge sheath in a magnetron 
in the presence of oscillations in the anode cavities 
(resonators) 


needs a greater number of resonators or a higher 
magnetic flux density and a higher anode vol- 
tage. 

As a rule, the magnetic flux density is any- 
where between 0.1 and 0.5 tesla. Magnetrons 
intended for pulsed work in the UHF band are 
built for a power output of tens of megawatts, 
and those for the SHF band, for a power output 
of several megawatts. The pulse anode voltage 
of the largest magnetrons may be as high as tens 
of kilovolts and the anode current, several 
hundred amperes. Magnetrons for CW opera- 
tion are able to deliver an output power of tens 
of kilowatts in the UHF band and several 
kilowatts in the SHF band. High-power mag- 
netrons use forced air or water cooling. They 
may be 70% or even more efficient when 
operated in the UHF band. In the SHF band, 
the efficiency falls to 30-60%. 

Most magnetrons are fixed-frequency units 
but tunable magnetrons have also been pro- 
duced. In them, the tuning frequency is varied by 
varying the natural frequency of the resonators. 
This is done by inserting copper cylinders into 
the resonator holes in order to reduce the 
inductance and thus to raise the tuning fre- 
quency, or by inserting metal sheets in order to 
increase the conductance and thus to lower the 
tuning frequency. The tuning range in such cases 
is not more than 10-15%. Also, difficulties arise 
in implementing these tuning mechanisms be- 
cause they have to be placed inside an evacuated 
envelope and operated from the outside. 

The electronic tuning of magnetrons is based 
on the fact that their frequency is a function of 
their anode current. A change of 1 A in anode 
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current may cause the frequency of the tube to 
change by as much as several tens of megahertz. 
It is to be added, however, that this type of 
tuning has not found any appreciable use in 
conventional magnetrons. 

The situation is different in the case of vol- 
tage-tunable magnetrons (one example is the 
Mitron tube)—by varying their anode voltage 
and, in consequence, their anode current, it is 
possible to change their tuning frequency by 
a factor of two (over an octave). These tubes 
somewhat differ from conventional magnetrons 
in design. One of their distinctions is that the 
anode current is limited by reducing the emis- 
sion of electrons from the cathode (which is in 
turn achieved by operating the cathode at 
a reduced heater voltage). Another distinction is 
provision of an external resonant cavity of a low 
Q, that is, with a broad bandwidth. Volta- 
ge-tunable magnetrons built to operate in the 
continuous-wave (CW) mode and with an octa- 
ve tuning range deliver an output power of 
several watts. With a tuning range of 5-20%, 
such tubes can deliver tens of watts of output 
power. 

Conventional magnetrons are not stable 
enough in terms of frequency and phase. A 
greatly improved stability in t-mode operation 
can be achieved with coaxial magnetrons 
(Fig. 20-14). In a coaxial magnetron, there is 
a high-Q resonant cavity which encloses the 
anode block. This external resonant cavity has 
a natural frequency of its own, equal to the 
frequency of oscillation of a m-mode magnetron. 
It is coupled to the internal resonators by slots 
cut in the alternate segments of the anode block. 
With this arrangement, the oscillations set up in 
the resonators coupled to the external cavity are 
all in the same phase, and those existing in the 
alternate cavities are in anti-phase. 

A far better choice for use at the higher end of 
the SHF band (that is at the shorter end of the 
centimetre-wave band) is offered by the inverted 
coaxial magnetron. In this type of magnetron, 
the cathode is a cylinder enclosing the anode 
block and electrons are emitted from its inner 
surface. In turn, the anode block encloses a 
high-Q resonant cavity intended to stabilize 
oscillations and coupled to the anode reso- 
nators. 

A more recent addition to the magnetron 
family is the nigotron developed by P.L. Ka- 
pitsa of the Soviet Union. The nigotron is 
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Fig. 20-14 
Structure of a coaxial magnetron 


essentially a cylindrical cavity resonator with 
a d.c. magnetic field applied along its axis. The 
cavity encloses a coaxial cathode-anode as- 
sembly in which both the cathode and the anode 
are made in the form of segments. The high Q of 
the main cavity assures a high stability for the 
frequency of oscillations. When used in the 
UHF band and in the CW mode, the nigotron is 
able to deliver a power output of 100 kW or 
even more and is up to 50% efficient. 


20-5 Trayelling-Wave and Backward-Wave 
Tubes 


The drawbacks associated with the klystron 
amplifier (see Sec. 20-2) are to a great extent 
minimized in the travelling-wave tube (TWT) 
and the backward-wave tube (BWT). Also, the 
TWT can give a far higher gain and efficiency 
than the klystron because the electron beam in 
the TWT interacts with an alternating magnetic 
field over a longer path and is able to contribute 
more energy to generate amplified oscillations. 
The TWT uses a weaker electron beam and so 
its inherent noise level is relatively low. The 
bandwidth may be broad because the TWT 
proper does not contain any resonant system. 
The frequency span ratio (that is the ratio 
between the maximum and minimum tuning 
frequencies) may be from 2-to-1 to 4-to-1. The 
bandwidth is limited by the accessories coupling 
the tube to the external circuits rather than by 
the TWT itself. TWTs for use at frequencies of 
several gigahertz have a bandwidth of several 
hundred megahertz which is more than enough 
for radar applications and all forms of sta- 
te-of-the-art telecommunications. 
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Fig. 20-15 
Structure of an O-type TWT 


In sketch form, the structure of an O-type 
(that is, linear-beam) TWT is shown in 
Fig. 20-15. The left-hand part of an extended 
envelope encloses an electron gun made up of an 
indirectly heated cathode K, a focusing elec- 
trode FE, and an anode A. The electron beam 
produced by the electron gun then travels 
through what is called the s/ow-wave (or de- 
lay-line) structure which may be made in the 
form of, say, a helix acting as the inner con- 
ductor of a coaxial line. The outer conductor of 
this line is the body electrode in the form of 
a metal tube, T: The helix is mounted on suitable 
insulators (not.shown in the figure). The d.c.- 
energized focusing coil ‘compresses’ the electron 
beam all along its length, thereby preventing its 
spread due to the mutual repulsion of the beam 
electrons. Instead of a coil, the focusing action 
may be supplied by permanent magnets set up in 
a magnetic focusing structure. Unfortunately, 
magnetic focusing structures are cumbersome 
and compare unfavourably with the more recent 
electrostatic focusing structures which rely for 
their operation on an electrostatic field. 

The signal to be amplified is fed to the TWT 
by an input waveguide J Wenclosing an r. f. input 
pin IP which is the start of the helix. The helix 
terminates in an output pin OP which excites r. f. 
oscillations in the output waveguide OW. There 
are two pistons, P; and P,, which are used to 
match the waveguides to the helix so that 
a travelling wave could propagate along the 
slow-wave structure. On emerging from the 
helix, the electron beam is picked up by a 
collector C which is electrically connected to the 
helix. In TWTs for frequencies up to 4 GHz the 
helix is coupled to external circuits by coaxial 
lines because waveguides that could be used at 


such frequencies would be too bulky. 

The helix is proportioned so that the phase 
velocity of the wave propagating along the helix 
axis is 
Upp © 0.le = 0.1 x 300 000 = 30000 km s~! 


where c is the velocity of light in a vacuum. As 
a rule, the helix is wound with tens or even 
hundreds of turns. In TWTs for the SHF band 
the helix may be 10-30 cm long, and its diameter 
may be several millimetres. 

Figure 20-16 shows the electric field pattern 
inside the helix for the case where the wave- 
length is equal to the distance spanned by six 
turns of the helix. A cross-sectional view of the 
helix is shown, with the “+” and “—” signs 
indicating the potential distribution on the helix 
conductor; here the bold signs correspond to 
higher potentials. The field pattern shown cor- 
responds to one particular instant. Since the 
wave travels along the helix, the field rotates 
about and moves along its axis at the phase 
velocity Uph: Of course, there is also an electric 
field between the helix and the outer metal tube 
(not shown in the figure), but it does not interact 
with the electron beam. The helix turns are 
surrounded by anr. f. alternating magnetic field, 
but it does not interact with the electrons either. 

The electrons entering the helix must have 
a velocity slightly in excess of u,,, approximately 
equal to 0.lc. This is achieved by setting the 
anode voltage at somewhat higher than 2.5 kV. 
As the electron beam interacts with the electric 
field of the travelling wave, the electrons are 
velocity-modulated and bunched. In this way, 
local beam-density variations are produced, 
with denser portions separated by more rarefied 
portions. 
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Fig. 20-16 
The electric field due to a travelling wave inside the slow-wave structure 


From reference to Fig. 20-16 it is an easy 
matter to see that portion AB of the helix 
(spanning a distance equal to a half-wavelength) 
produces a field which retards the electrons, 
while portion BC (spanning a distance equal to 
an adjacent half-wavelength) produces a field 
which accelerates the electrons. Thus, the field 
pattern existing along the helix is one of al- 
ternate accelerating and decelerating fields. If, 
at a given instant, a retarding field region 
exists at the start of the helix, the entering 
electrons will be slowed down and, on moving 
within this region, will be grouped into 
denser bunches. As they gradually slow down, 
they are continuously contributing energy to the 
field and beefing up the travelling wave. If, on 
the other hand, an accelerating field region 
exists at the start of the helix at a given instant, 
the entering electrons will pick up speed and, by 
overtaking the field, will enter the next region 
where a retarding field exists. Although these 
electrons absorb some energy from the tra- 
velling wave as they enter an accelerating field, 
they subsequently give it back to the wave 
because they move into a retarding field region. 

To sum up, electron bunches are formed 
within the retarding field regions and contribute 
some of their energy to the wave continuously. 
The total energy contributed to the wave along 
the entire helix is quite substantial. As the 
travelling wave advances along the structure, its 
current and voltage rise in peak value towards 
the end of the helix. This is accompanied by 
a proportionate build-up in the strength of the 
accelerating and decelerating fields and in the 
bunching action. The aggregate result of the 
process is that greatly amplified oscillations 
emerge at the output. The energy contributed to 
the travelling wave is acquired by the electrons 
from the anode supply. 


At high gain and at a less than perfect match 
with the waveguides, there appears a wave 
reflected from the output end of the helix. On 
reaching the input end, this wave is again 
reflected, amplified, then again reflected from 
the output end, and so on. In the long run, it 
results in the self-excitation of the tube which 
then generates oscillations of its own—a fact 
intolerable when the tube is intended for use as 
an amplifier. To avoid this, some of the helix —at 
the start or in the middle—is made of high- 
resistance wire which absorbs the energy carried 
by the reflected wave. As often as not, this 
purpose may additionally be served by a coat of 
graphite applied to the inside of the envelope or 
to the insulators that give support to the 
slow-wave structure. 

TWTs intended for service at the higher end 
of the SHF band (that is, at the shorter wave- 
lengths of the centimetre waveband) use other 
configurations for the slow-wave structure be- 
cause the very small helices needed would be 
unprofitably difficult to make. Other slow-wave 
structures are also used at high power levels 
because no helix would be able to stand up to 
the resultant power dissipation. TWTs with 
slow-wave structures of other than the helix type 
are fabricated for power outputs up to 1 kW and 
for frequencies up to 10 GHz. 

At this writing, quite a number of different 
TWTs are commercially available for use as 
input, intermediate and output broadband r. f. 
power amplifiers. Since the beam current con- 
tains harmonics, TWTs may well be used as 
frequency multipliers. 

In terms of power output, TWTs may be 
classed as follows. Low-noise TWTs with a 
beam current of 100-200 A can deliver several 
thousandths or hundredths of a watt. In spe- 
cial-purpose receivers the noise level can further 
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Fig. 20-17 
Structure of (a) an O-type TWT amplifier and (b) an O-type TWT oscillator 


be lowered by cooling the TWT to a very low 
temperature. Low-power TWTs (1-2 W) carry 
a beam current of units or tens of milliamperes 
and give a gain of several hundred thousands. 
Medium-power TWTs (up to 100 W) and high- 
power TWTs (up to 100 kW) have a gain of 
several thousands and carry a beam current 
from several hundred milliamperes to several 
amperes. Extra-high-power TWTs are able to 
deliver hundreds of kilowatts of useful power. 
The supply voltage ranges from several hundred 
volts for low-power TWTs to tens of kilovolts or 
even higher for high-power TWTs. High-power 
TWTs may be 30-40% efficient. Many TWTs 
are used in pulse work and are able to deliver 
a pulse power of 10 MW or even more. 

The efficiency of a TWT can be enhanced by 
retarding the electrons as they emerge from the 
slow-wave structure. This is done by applying 
a lower d.c. voltage to the collector than to the 
slow-wave structure. In this way, less power is 
drawn from the power supply. Another way to 
enhance the efficiency is to utilize the bunching 
action based on the principle utilized in kly- 
strons. An example of such tubes is the Twystron. 
This hybrid device consists of a klystron driving 
section and a TWT output section. In the 
Twystron, the klystron driving section produces 
electron bunches which then enter the TWT 
output section that delivers a highly amplified 
output signal. The Twystron is up to 50% 
efficient and the relative bandwidth is 10-15%. 
Pulse power output from some Twystrons is 
tens of megawatts. 

The principle underlying the operation of 
travelling-wave tubes has served as the basis for 
the development of the backward-wave tube 
(BWT) some versions of which are called Car- 
cinotrons. In contrast to TWTs, backward-wave 
tubes are mainly used as microwave oscillators, 
although some of them may operate as am- 
plifiers as well. The BWT uses a focusing 


structure and a slow-wave structure similar to 
those used in the TWT, but it differs in that the 
electron beam travels in the opposite direction 
from the wave in the slow-wave structure and, as 
a result, produces the feedback required for 
oscillation. 

In sketch form (that is, with its focusing 
structure omitted) an O-type amplifier BWT is 
shown in Fig. 20-17a. Its input is located at the 
collector and its output, at the cathode. Al- 
though this tube has no resonant system, it does 
possess resonant properties. The tube provides 
amplification only within a very narrow band- 
width, and the location of this band depends on 
the magnitude of d.c. accelerating voltage V. By 
varying it, we can accomplish electronic tuning. 

A much wider use is made of O-type BWTs as 
oscillators (Fig. 20-176). Instead of an input, 
a backward-wave oscillator has a lossy termi- 
nating section (the shaded triangles) at the 
collector. This section absorbs the wave reflec- 
ted from the output end of the slow-wave 
structure. Such a wave might appear when the 
match at the output is less than perfect, so its 
absorption improves the performance of the 
backward-wave oscillator. 

An O-type backward-wave oscillator ope- 
rates as follows. Originally, oscillations exist in 
the tube due to the fluctuations of the electron 
beam. These variations are then amplified and 
the oscillations build up until they reach the 
desired magnitude. It is to be noted that os- 
cillations may arise in a backward-wave am- 
plifier as well if its beam current exceeds some 
critical value. The frequency of the oscillations 
generated by a backward oscillator depends on 
the accelerating voltage V. Therefore, it is pos- 
sible to achieve electronic tuning ranges of 1.5: | 
to 2:1. In SHF backward-wave oscillators the 
electronic tuning range is just several megahertz 
per volt of accelerating voltage. Backward-wave 
oscillator can deliver an output power of tens of 
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Fig. 20-18 
Arrangement of a flat M-TWT 


milliwatts to several watts with an efficiency of 
several per cent. The accelerating voltage usu- 
ally runs into hundreds or even thousands of 
volts, and the beam current ranges from units to 
tens of milliamperes. 

There is a modification of backward-wave 
oscillator tubes, known as resonant backward- 
wave tubes. In them, there is no lossy termi- 
nating section, and the slow-wave structure is 
shorted near the collector so that it can act as 
a resonant structure. Such devices are amenable 
to both mechanical and electronic tuning. Re- 
sonant backward-wave tubes have a better 
frequency stability and a higher efficiency. 

The magnetrons we discussed earlier deliver 
an ample power output and are highly efficient, 
but they have a narrow bandwidth and are 
not amenable to electronic frequency tuning 
and gain adjustment. In contrast, O-type 
TWTs and BWTs have a large bandwidth, 
lend themselves readily to electronic tuning, 
and can operate as amplifiers. On the demerit 
side, they have a low efficiency and will, in 
some cases, deliver a limited power output. 
Hence, the development of microwave devices 
that combine the advantages of magnetrons and 
TWTs or BWTs. 

Wide use is made of M-TWTs and M-BWTs 
(that is, crossed-field or M-type travelling-wave 
and backward-wave tubes). Figure 20-18 shows, 
in sketch form, the arrangement of a flat 
M-TWT. The electrons emitted by a hot cath- 
ode K enter the d.c. electric field E,,,,, set up by 
the voltage existing at the control electrode,CE, 
and a d.c. magnetic field of magnetic flux density 
B, which is at right angles to the plane of the 
paper and is set up by an external magnetic 
structure not shown in the figure. These two 
fields bend the travel path of the electron beam 
and cause it to move towards the collector 


C through the interaction space between the 
slow-wave structure SWS and a cold cathode 
CK. Asis seen, the cold cathode inan M-TWT is 
located where a hot cathode is placed in mag- 
netrons. The slow-wave structure is held at 
a constant positive potential with respect to the 
cold cathode. Therefore, the electron beam is 
acted upon by the crossed electric field of 
strength E and d.c. magnetic field of magnetic 
flux density B. Travelling in these crossed fields, 
the electron beam contributes some of its energy 
to the electromagnetic wave propagated from 
input to output—that is, amplification takes 
place. The slow-wave structure includes a lossy 
terminating section, LTS, to prevent the li- 
kelihood of spurious oscillations. 

With a large input signal, an M-TWT may be 
50-70% efficient and have a gain of several 
hundreds. In CW operation, an M-TWT can 
deliver several kilowatts of power. In pulse 
work, the figure may be several megawatts. At 
this writing, M-TWTs are mainly used as 
output r. f. power amplifiers. Figure 20-19 shows 
a cylindrical version of the M-TWT; the no- 
tation is the same as in Fig. 20-18. 


LTS 


Fig. 20-19 
Arrangement of a cylindrical M-TWT 
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M-BWTs are arranged similarly to M-TWTs, 
and they may be used as both amplifiers and 
oscillators. In these tubes, the r.f. output is 
located close to a hot cathode. The electron 
beam interacts with the wave propagated to- 
wards it. M-BWT amplifiers have both an input 
and an output while M-BWT oscillators only 
have an output and also a lossy terminating 
section near the collector. The CW power 
output of an M-BWT oscillator is several tens of 
kilowatts in the UHF band and several hund- 
reds of watts in the SHF band. The efficiency is 
50-60%. Electronic tuning can be accomplished 
by varying the accelerating voltage V. 


20-6 The Amplitron and the Carmatron 


The Amplitron and the Carmatron are M-type 
microwave devices which combine to a certain 
extent the principles of operation utilized in the 
magnetron and the M-BWT. In contrast to the 
M-BWT, however, they have a hot cylindrical 
cathode similar to that used in the magnetron. 

In sketch form, the arrangement of the Am- 
plitron is shown in Fig, 20-20. In contrast to the 
magnetron, it has a coupled-cavity slow-wave 
structure which is not closed on itself, that is, it is 
not re-entrant, and there are an input and an 
output in the anode block. To avoid stray 
oscillations in the -mode (as in the magnetron), 
the Amplitron usually has an odd number of 
resonators. As in the magnetron, a closed ro- 
tating electron cloud or sheath is formed and 
interacts with the electromagnetic wave tra- 
velling in the opposite direction. The oscil- 
lations build up as the beam transfers its energy 
to the wave. 

Amplitrons are mostly used as amplifiers of 
relatively strong signals in which case they are at 
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Fig. 20-20 
Basic structure of the Amplitron 


least 55-60% efficient. High-power and extra- 
high-power devices are 70-85% efficient. In CW 
operation, Amplitrons deliver as much as 
500 kW of output power, and in pulse work, 
10 MW or even more. Their gain runs into 
several tens. The relative bandwidth is 5-10%. 
The beam voltage is units or tens of kilovolts, 
and the beam current is tens of amperes. 

The Carmatron is a microwave cross-field 
oscillator which has about the same structure as 
the Amplitron, except that the input is replaced 
by a matched load. It has the same power output 
and efficiency as the Amplitron. 

Highly stable oscillations can be generated by 
an Amplitron ganged up with an external 
high-Q cavity coupled to the input of the tube, 
and some extra components. The resultant more 
sophisticated device is called the Stabilotron, It 
is a self-excited oscillator of an especially high 
stability, tunable to within 10%. 

We have discussed only the most important 
microwave tubes. There are many more of them, 
though their use is still limited. 
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Chapter Twenty-One 
Reliability and Testing of Electron Devices 


21-1 Reliability and Testing 
of Semiconductor Devices 


As long as they are operated properly, well- 
manufactured semiconductor devices have a 
high reliability, their failure rate being A = 1077 
or 10-8 per hour. The failure rate-vs-time (or 
‘bath tub’) curve shown in Fig. I-1 has a flat 
portion spanning in the case of semiconductor 
devices a time interval of tens of thousands of 
hours. This is far better than tubes are able to 
show. 

Sudden failures in semiconductor devices 
mainly occur due to the puncture or breakdown 
of their p-n junctions, broken or short-circuited 
leads. These failures usually account for not 
more than 20% of the total figure. Gradual 
failures are far more frequent. In transistors they 
may be caused by a gradual fall in current gain, 
an increase in the collector leakage current, and 
an increase in the noise figure. Sometimes, 
a temporary instability of device parameters 
may be observed. 

Most often, the reliability of a device is 
degraded by overheating. Heat build-up is al- 
ways the No. 1 enemy of semiconductor de- 
vices. Therefore, care must always be exercised 
to keep the case temperature as low as prac- 
ticable, especially that of high-power devices 
because they dissipate a good deal of heat. 
Among other things, devices should, as far as 
possible, be operated under easy conditions. In 
many cases, the reliability of semiconductor 
devices can markedly be improved by using 
additional heat sinks or radiators. One example 
is an additional radiator made of metal strips 
with a hole for a transistor or a diode, as shown 
in Fig. 21-1. Such a radiator should preferably 
be made of copper, aluminium, or brass, al- 
though steel may also be used. The device case 
should make a tight contact with the heat sink. 
Heat withdrawal can be enhanced by increasing 
the number of fins, and their surface should 
preferably be blackened. 

The reliability of semiconductor devices is 
adversely affected by moisture. To keep out 
moisture, devices are enclosed in moisture-tight 
sealed cases, and the devices themselves are 


given a thin coat of some protective material. 

Although semiconductor devices are mecha- 
nically robust and stand up to vibration well, it 
will be well-advised to protect them against 
impacts and excessive vibration. As has been 
noted, semiconductor diodes and bipolar tran- 
sistors tend to fail when exposed to a strong 
ionizing radiation. Tunnel diodes and FETs are 
far more radiation-resistant. 

For ample reliability, semiconductor devices 
should be used subject to a few rules which may 
be summed up as follows. 

1. The operating voltages, currents, and po- 
wers should never exceed the respective absolute 
maximum ratings. A device may never be ope- 
rated in conditions such that any two pa- 
rameters reach their absolute maximum ratings 
at the same time. 

2. Transistors may never be operated with 
their bases open-circuited even for a very short 
time. For better stability in operation, the 
resistance of the base circuit should be kept to 
a minimum. 

3. The operating temperature of a device 
should preferably be kept low. A temperature by 
10 degrees Celcius below the limit will halve the 
number of failures. 

4. It will be good practice to safeguard se- 
miconductor devices against overvoltages. This 
purpose may be served by voltage stabilization 
circuits. Any supply voltage should never be 
applied in a wrong polarity. 

5. Soldered joints on leads may be made with 
a soldering iron not more than 60 W in power, 
with the joint located at least 10 mm away from 
the device case and completed in a matter of not 
more than five seconds. When making a sol- 
dered joint, it is important to withdraw heat 


Fig. 21-1 
Heat sink (radiator) made of metal plates 
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from between the device case and the joint by, 
say, clamping the lead in a pair of pliers or 
forceps. 

6. Leads may be bent at a point at least 
10 mm away from the device case. 

7. Semiconductor devices ought not to be 
placed near hot or heated components. It will be 
always a good plan to provide an efficient heat 
removal from the device case. 

8. A device should NEVER be mounted or 
secured by its leads alone. 

9. Semiconductor devices should NEVER be 
tested with an ohmmeter which can generate 
currents or voltages dangerous to the device. 

10. In the case of MOSFETs, the greatest 
danger lies in the dielectric layer breaking down, 
should a charge of static electricity be formed on 
the gate. Therefore, the gate must always be 
grounded for d.c. or returned to chassis ground 
(directly or via a resistor). 

Semiconductor devices can best be checked 
with special-purpose testers. Simple checks, 
however, have often to be made when no testers 
are available. 

The simplest way to test semiconductor dio- 
des is with an ohmmeter (or a multimeter). The 
test procedure should include the forward and 
reverse resistance of the diode. The normal 
forward resistance is tens of ohms for germa- 
nium diodes and hundreds of ohms for silicon 
diodes. The reverse resistance must be several 
hundred kilohms for germanium diodes while 
for silicon diodes it may be several megohms. 
Higher-power diodes will have lower forward 
and reverse resistances than lower-power dio- 
des. Instead of the resistances, one may measure 
the forward and reverse currents with a mil- 
liampere and a microampere, respectively. To 
guard the instruments against damage in the 
case of a breakdown in the device, a current- 
limiting series resistor must be connected in the 
test set-up. Its value can be found by Ohm’s law as 


Rim al A 


where E = supply voltage 
Tmax = Maximum current for the instrument. 

If the check reveals that the diode resistance is 
decreasing (the current rising) gradually all the 
time, the diode should be classed as faulty. 

A very simple check for a fault in a p-n 
junction or open-circuits in the leads of a 
transistor can be run with an ohmmeter. One 
terminal of an ohmmeter is then connected to 
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of E 
Fig. 21-2 
Test set-ups to measure the leakage currents of 
transistors 


the base and the other is touched in turn to the 
emitter and the collector. The ohmmeter will 
read either the forward resistance (tens of ohms) 
or the reverse resistance (hundreds of kilohms or 
even several megohms), depending on the po- 
larity of the voltage across the junctions. The 
two resistances of each junction can be de- 
termined by interchanging the leads of the 
ohmmeter. During such a check, NEVER allow 
the currents and voltages in and across the 
transistor to exceed their absolute maximum 
ratings. 

The check run as described above does not yet 
give grounds for saying that the transistor will 
operate normally in a particular circuit. Therefo- 
re, it is important to make sure that the leakage 
collector current does not exceed the permissible 
limit and that the beta is not below its normal 
value. 

The leakage currents can be measured, using 
the test set-ups shown in Fig. 21-2. Both include 
a current-limiting resistor as a way of preventing 
any damage to the microammeter. The value of 
this resistor can be found as explained earlier. If 
all leakage currents can be measured, it will 
suffice to measure I¢9. Where high-power tran- 
sistors are involved, a milliammeter should be 
used instead of a microammeter. When mea- 
suring the leakage currents, a gradual rise in the 
respective current is an indication that the 
transistor is at fault. 

The beta gain can in the simplest case be 
measured with the test set-up shown in 
Fig. 21-3. Here the supply voltage E is several 
volts, and the base-lead resistor Ry is such that 
the base current will have some normal value, i,, 
specified for the transistor in question. It is 
legitimate to deem that Ry ~ E/i,. Dividing i.as 
measured with the milliammeter by the base 
current will yield an approximate value of the 
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beta: 

B & ic/ig 

Or, after replacing i, with E/R,, we will have 
B® icRp/E 

For example, if FE = 4.5 Vandi, = 0.1 mA, then 
R, © 4.5 + 0.1 = 45 kQ 

At ic = 4 mA, we will have 

B=4+0.1 = 40 


The error with this technique is small because it 
does not take into account the voltage drop 
across the emitter junction which is only a few 
tenths of a volt, that is, a small fraction of E. No 
high accuracy is generally required in measuring 
the beta gain because transistors always show 
a marked spread in parameters between units. 

It would be a good idea to test a transistor in 
some simple oscillator circuit, but this test is not 
mandatory. 

FETs should be checked for the channel 
conductance between the source and the drain 
and also for proper functioning of the gate 
junction. The latter should be tested as the p-n 
junctions of diodes or bipolar transistors. Of 
course the test must be run at low voltages so as 
not to cause the p-n junction to break down. 

In MOSFETs, it is important to check the 
channel conductance and the insulation be- 
tween the gate and the channel. In all forms of 
testing, the channel must be grounded, lest the 
dielectric layer should break down. The quality 
of a FET can be ascertained by measuring its 
transconductance which is the key parameter of 
these devices. The transconductance can be 
determined by measuring the drain current 
while varying the gate voltage. Notably, the 
voltage can be varied by placing a 1.5-V dry cell 
between the gate and the source. Variations in 
the drain current can then be measured with 
a milliammeter. 


21-2 Reliability and Testing 
of Tubes 


Sudden failures in tubes may be caused by 
a short-circuit between the electrodes, by a bro- 
ken wire, by the rupture of the insulation, by 
cracks in the tube envelope, and some other 
events. Gradual failures result from slow ir- 
reversible changes in the oxide cathode leading 
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Fig. 21-3 


Simple test set-up to measure the beta current gain of 
transistors 


to a fall in emission, interelectrode leakage, 
release of gas by the electrodes, etc. 

The failure rate for tubes is typically 10~° per 
hour, or even less. Tubes with normal and 
enhanced reliability and service life differ in 
failure rate by a factor of 5 to 10 or even more. 
Least reliable of all are high-power transmitting, 
modulator and amplifying tubes, H. V. rectifiers 
(kenotrons), and other high-power tubes. High 
reliability and long life can be assured on 
abiding by all the service rules set forth in 
makers’ manuals. Above all, one ought not to 
exceed the applicable absolute maximum ra- 
tings for current, voltage and power, and also 
the limits for ambient factors, such as tempe- 
rature, pressure and relative humidity, the in- 
tensity of impacts and vibration, and other 
mechanical influences. Tubes may never be 
operated in conditions when any two para- 
meters may reach their absolute maximum 
ratings at the same time. 

Overheating is a major cause of failures. 
Obviously, for a tube to be as reliable as 
practicable, its heating must be kept to a 
reasonable minimum. A reduction of just a few 
degrees in a tube’s temperature may prove 
decisive for its reliability. It will always be good 
practice to run a tube under conditions which 
reduce its heating. Good heat abstraction from 
the tube is likewise desirable. Sometimes it will 
prove advantageous to put a finned radiator 
over the envelope ofa tube that is heavily heated 
in service. The radiator may be fabricated from 
a metal such as aluminium, brass or copper 
(Fig. 21-4). The outer surface of the radiator 
should preferably be blackened so as to enhance 
heat abstraction by radiation. Of course, mea- 
sures should likewise be taken to minimize heat 
input from other components, sun light, and any 
other external sources. It is important to re- 
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member that large doses of ionizing radiation 
may degrade a tube’s performance. The fungi 
and high relative humidity most likely to exist in 
the tropics will also impair the reliability of 
contact in tube sockets. 

In service, the following factors may degrade 
the reliability of tubes: 

— the filament (or heater) voltage is a maximum 
while the cathode current is small; 

— the filament (or heater) voltage is a minimum 
while the cathode current is large; 

— the electrode dissipation is a maximum while 
the control grid circuit presents a high re- 
sistance; 

— the envelope temperature is a maximum and 
the electrode voltages are high while the cathode 
current is low. 

Care must be taken to minimize vibration, 
impacts and other mechanical influences. When 
a tube is operated at a reduced ambient pres- 
sure, heat abstraction is impaired, and steps 
must be taken to bring down the electrode 
dissipation. An elevated relative humidity may 
cause oxidation and poor contact in the tube 
sockets, increased leakage current, and even an 
inter-lead breakdown. 

It is important to insert and secure tubes 
properly. Data.sheets often specify a vertical 
position for a.given tube as the only one 
allowable, and this advice must be followed. 
When making soldered joints on the leads of 
miniature tubes, a good heat removal must be 
provided between the joint and the envelope. 
This can be done by, say, clamping the lead in 
a pair of pliers. Leads may be bent at least 5 mm 
away from the envelope. 

If tubes are to operate reliably and for a long 
time, it is essentially important to abide by the 
rules and regulations both set forth above and 
given in service or operation manuals. 

When a malfunction is detected in a tube- 
based electronic or telecommunication equip- 
ment, trouble-shooting must be started by 
checking the tubes because they are the most 
common cause of many failures. Most recei- 
ving-amplifying tubes can be checked with tube 
testers. How to use these testers is usually 
explained in the tutorial material included in the 
maker’s manual. If a tube tester is not available, 
resort may be made to the simpler techniques of 
tube testing. One such technique is to insert the 
tube being tested in a similar circuit known to 
operate trouble-free. Then it will be immediately 
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Fig. 21-4 
Sheet-metal radiator to cool a tube 


seen whether the tube is at fault or not. 

It is useful to learn how to check tubes 
without resort to any circuit. For example, 
a multimeter can be employed to see if the heater 
or directly-heated cathode is intact, or whether 
there is a short between the electrodes of a tube. 
As an alternative, this can be done with a 
make-shift tester consisting of a series com- 
bination of a current source (say, a dry cell) and 
a voltmeter. Instead of a voltmeter, use may be 
made of a milliammeter and a series resistor, or 
a pair of headphones, or an incandescent lamp. 

Cathode emission can be checked, using the 
test set-up shown in Fig. 21-5. The procedure is 
as follows. Apply the normal heater voltage, 
connect all the grids to the anode and operate 
them as a single anode, making sure that the 
anode supply voltage is not more than 10-15 
volts. If there is emission from the cathode, the 
milliammeter connected in the anode circuit will 
read a current. The milliammeter may be re- 
placed with a voltmeter. When this technique is 
used to determine the emission of a tube known 
to be good, the indication of the instrument will 
give a measure of the emission in any other tubes 
of the same type. This test may well be run 
without an anode supply, if the anode circuit is 
connected to the “+” terminal of the heater 
battery, but the anode current will then be 
smaller by an appreciable amount. 

The leads of a tube can be checked for breaks 
(‘open-circuits’) by placing the milliammeter in 
the set-up of Fig. 21-5 in series with each 
electrode in turn (in the diagram, the points of 
connection are labelled with crosses). If there is 
no break (or ‘open-circuit’) in a given lead, the 
instrument will indicate that there is a current 
flowing in the wire of the respective electrode. 

Since transconductance is the principal pa- 
rameter of amplifying tubes, the respective 
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check is desirable. If the check shows that the 
transconductance has a normal value, this is an 
indication that the tube is healthy. The trans- 
conductance of a tube is checked by feeding 
normal supply voltages to the tube’s electrodes 
(making sure that the respective currents and 
powers do not exceed their absolute maximum 
ratings). A milliammeter must be placed in the 
anode circuit. After the control-grid voltage has 
been changed by | or 1.5 volts (by, say, con- 
necting one dry cell in the control grid lead), 
note the change in the anode current. From 
these figures, it is a simple matter to determine 
the transconductance of the tube. Another 
method consists in that a low-value load resistor 
(say, 100 Q) is connected in the anode circuit, 
and the control grid is fed with an alternating 
sinewave voltage of a known value. Then the 
amplified voltage is measured across the load 
resistor. Dividing it by the load resistance will 
yield the value of the alternating anode current. 
Now it is easy to determine the transconduc- 
tance. Because of the load, the transconductance 
thus determined will be somewhat smaller than 
the true, or static, transconductance of the tube. 

With tube testers, all the checks are carried 
out in a similar manner, but with a greater 
convenience to the operator because all the 
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Fig. 21-5 
Simple set-up to test tube leads and cathode emission 


necessary changes in the circuit are made by 
manipulating appropriate switches. 
Glow-discharge tubes (such as neon bulbs, 
gas-filled rectifier diodes, thyratrons, charac- 
ter-display tubes and the like) should be tested 
for the starting (or firing) voltage and the 
presence of glow. When carrying out a test, it is 
important to use a current-limiting resistor, lest 
the glow discharge should change into an arc 
discharge. Because the current drawn by glow- 
discharge tubes is ordinarily several milliam- 
peres, the resistance of the current-limiting 
resistor can always be found by Ohm’s law: take 
a current of 2 or 3 mA and divide the difference 
between the supply voltage and the operating 
voltage of the tube in question by this current. 


Part Three 
Photoelectric and Optoelectronic Devices 


Chapter Twenty-Two 
Photoelectric Devices 


22-1 Photoelectric Emission 


Photoelectric emission, also termed photoemis- 
sion or the outer photoemissive effect, refers to the 
liberation of electrons from matter when it is 
exposed to electromagnetic radiation of certain 
energies. The emitting electrode of a photoelec- 
tric device is then called a photoemissive cathode 
or, simply, a photocathode, and the electrons 
thus emitted are named photoemissive electrons 
or photoelectrons. 

Studies into photoemission go back to 1886 
when Heinrich Hertz noticed that a lower 
voltage was required to set off an electric 
discharge between a pair of electrodes when one 
of the two electrodes was illuminated. In 1888, 
A.G. Stoletov of Moscow University (Russia) 
began a systematic study into the effect. He 
described most of the important properties of 
the outer photoemissive effect but was unable to 
explain it because electrons had not yet been 
discovered. 

What follows is a brief summary of the laws 
and relations bearing on photoemission. 

1. The Stoletov law. The photocurrent I, 
arising due to photoemission is proportional to 
the incident luminous flux ©: 


Ipn = SO (22-1) 


where S = sensitivity of the photocathode, 
usually expressed in microamperes per lumen 
(the lumen is the unit of luminous flux). 

If the incident luminous flux ® is mono- 
chromatic, that is, contains electromagnetic ra- 
diation of only one wavelength (or, which is the 
same, of only one frequency), we have what is 
known as the monochromatic sensitivity sym- 
bolized as S,. The sensitivity towards a flux of 
white (nonmonochromatic) light consisting of 
radiation of all likely wavelengths (frequencies) 
is referred to as the integral sensitivity sym- 
bolized as Ss. 

2. The Einstein equation. In 1905, Albert 


Einstein suggested that radiant energy was 
transmitted by photons, each with an energy hiv 
and localized in space so that each is capable of 
reacting with an electron. The photons are 
capable of transferring all of their energy to 
electrons after which they disappear. Of the 
energy Av transferred from the photon to an 
electron, a certain amount Wp may be used up in 
overcoming the potential barrier at the surface 
of the material. This amount W, is the pho- 
toelectric work function of the material, Wy = hv. 
The maximum kinetic energy that any electron 
may have after photoemission is then 


E=hv—-W, (22-2a) 


which is known as the Einstein photoelectric 
equation. Here, 


hy = W, + 0.5mu? 


where m = mass of a photoelectron 
u = velocity of a photoelectron 
v = frequency of the incident radiation 
h = Planck’s constant equal to 6.63 x 
x10 #38 

As will be recalled, there are two aspects of 
electromagnetic radiation used together or se- 
parately to explain many phenomena associated 
with light. On the one hand, it consists of waves 
each of wavelength A and of frequency v. On the 
other, it may be treated as a flux of discrete 
quanta or packets, called photons, each of energy 
hy. 

3. In the case of photoemission from solids, 
electrons are only liberated when the frequency 
of the incident radiation is greater than a 
characteristic value —the photoelectric threshold 
frequency of the material, designated as vo. 
Below that frequency, photoemission ceases 
because hv) = W, (where W, is the threshold 
Photoelectric work function) and the kinetic 
energy of photoelectrons becomes equal to zero. 
The wavelength corresponding to vy is Ag = 
= c/Vo, where c is the velocity of light equal to 
3 x 108 ms '. Ata frequency below the photo- 


(22-2b) 
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electric threshold, that is, when v<vp or 
2X >A o, photoemission cannot take place be- 
cause hv < hv, which tells us that the energy of 
the photon is not enough for an electron to 
overcome the potential barrier at the surface of 
the material. 

4. Photoemission shows a very negligible 
time lag—variations in the photocurrent only 
slightly lag behind variations in the incident 
radiation (by as little as a few nanoseconds). 

Apart from monochromatic and integral sen- 
sitivities, photocathodes are sometimes charac- 
terized in terms of the ratio between the number 
of emitted photoelectrons and the number of 
photons causing the photoemission. This ratio 
has come to be called the electron quantum yield 
or quantum efficiency. 

If each of all available photons caused the 
liberation of one electron, the quantum yield 
would be equal to unity. However, the greater 
proportion of photons do not contribute to 
photoemission: some of them have a wavelength 
in excess of Ay, others move very deep into the 
cathode and dissipate their energy there, and 
still others are reflected from the cathode sur- 
face. As a rule, the quantum yield or efficiency 
does not exceed 1-2%. 

The photoelectric work function W, and the 
photoelectric threshold wavelength A, for some 
elements are given below. 


Cesium Potas- Anti- Ger-  Sili- 
sium mony mani- con 
um 
Wi wee teh Sait EK 19 23 40 44 48 
Noe MIM. gos oa 0.66 0.55 0.31 0.28 0.21 


Visible light falls within the spectrum region 
from 0.38 to 0.78 um, so, as follows from the 
above table, it can only cause photoemission 
from cesium and potassium. Therefore, pho- 
tocathodes are usually fabricated from other 
than pure metals. For example, one of the most 
commonly used photocathode types consists of 
a mixture of silver, cesium oxide, and pure 
cesium. This reduces its work function, and its 
photoelectric threshold wavelength is A, = 
= 1.1 im: 

The sensitivity of a photocathode is a function 
of the wavelength of the incident radiation. This 
relationship, S$ =f(A), is called the spectral 
response of a photocathode and may take any 
one of two forms as shown in Fig. 22-1. Curve / 
applies to the ‘normal’ photoelectric effect which 
occurs with substantial cathodes fabricated 
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Fig. 22-1 
Spectral responses of photocathodes 


from pure metals, and curve 2 applies to what is 
known as the selective photoelectric effect ty- 
pical of thin cathodes fabricated from specially 
treated alkali metals. With time, the sensitivity 
of photocathodes diminishes—a _ condition 
which is referred to as photocathode fatigue. 


22-2 Phototubes 


A phototube, which may be the vacuum type or 
the gas-filled type, is a diode with the inner 
surface of its envelope given a thin coat of 
a material capable of emitting photoelectrons. 
This coating is the photocathode of the diode. 
Its anode is usually a metal ring which does not 
stand in the way of light incident on the 
photocathode. Vacuum phototubes, as their 
name implies, use a high vacuum inside their 
envelopes. Gas-filled (or simply gas) phototubes 
have an inert gas, such as argon, which fills the 
envelope at a pressure of several hundred pas- 
cals (a few mm Hg). The photocathode is 
ordinarily made of antimony-cesium or silver- 
oxygen-cesium. 

The performance of phototubes is stated in 
terms of their characteristics. Figure 22-2a 
shows the anode (current-voltage) characteristics 
of a vacuum photodiode, I, =f(v,) at 
® = const. They show a well-defined saturation 
condition. The same characteristics of a gas 
phototube first run in the same manner as for 
vacuum phototubes, then rise at an ever in- 
creasing rate because the further increase in 
anode voltage leads to the ionization of the 
filling gas, and the current builds up appreciably 
(Fig. 22-25). This situation is stated in terms of 
the gas amplification (or gas multiplication) fac- 
tor which may range from 5 to 12. Figure 22-3 
shows the current-vs-luminous flux characteris- 
tics, I, =f(®) at V,=const. There are also 
frequency response curves which relate the sen- 


(a) 


Part Three. Photoelectric and Optoelectronic Devices 


Inn uA (b) 
ph # lone uA 
60 4 lumens 60 
50 
3 lumens 
40 
2 lumens 30 0.03 lumen 
0.02 lumen 
‘b=1 lumen 20 b= 0.01 lumen 
10 
0 100 200 volts 0 100 200 volts 
Fig. 22-2 


Anode characteristics of (a) a vacuum phototube and (4) a gas-filled phototube 


sitivity of a photocathode to the frequency of the 
incident luminous flux. It is seen from Fig. 22-4 
that vacuum phototubes (line /) possess a small 
time lag. They are able to operate at frequencies 
of several hundred megahertz. Gas phototubes 
(curve 2) show an appreciable time lag and their 
sensitivity falls off at frequencies as low as a few 
kilohertz. 

The principal parameters of phototubes are 
cathode sensitivity, maximum allowable anode 
current, and dark current. The cathode sensi- 
tivity of vacuum phototubes is tens of micro- 
amperes.per lumen. In the case of gas photo- 
tubes the figure is several hundred microam- 
peres per lumen. The dark current is the d.c. 
current that flows without any light. It owes its 
origin to the thermionic emission of the cathode 
and the leakage currents between the electrodes. 
At room temperature, the thermoemission cur- 
rent may be 10~!°-107~1! A, and the leakage 
currents may be 1077-1078 A. The leakage 
currents can be minimized by giving a tube 
a special design, while the thermoemission cur- 
rent can be brought down only by cooling the 
photocathode to a very low temperature. The 
dark current limits the use of phototubes as 
detectors of very weak light signals. 

It is usual to connect a phototube in series 
with a load resistor, R, (Fig. 22-5). Since the 
photocurrent is very small, the d.c. resistance of 
a phototube, R,, is very high and amounts to 
units or even tens of megohms. Therefore, the 
load resistance should likewise be very high. The 
voltage generated by the light signal is picked off 
the load resistor and is fed to an amplifier whose 
input capacitance shunts R,. The higher the 
value of R, and the higher the signal frequency, 


the stronger is this shunting action and the 
lower the useful signal voltage across R,. 
Phototubes have found many uses in auto- 
matic process control, sound motion pictures, 
and physical research instrumentation. Unfor- 
tunately, they cannot be microminiaturized and 
need relatively high anode voltages (tens or even 
hundreds of volts). Because of this, they have 
been ousted from many applications by se- 
miconductor light detectors some of which will 
be described in the next chapter of this book. 


22-3 The Photomultiplier Tube 


A photomultiplier tube is essentially a vacuum 
phototube supplemented by a device to amplify 
the photocurrent due to secondary electron 
emission. 

In sketch form, the arrangement of a pho- 
tomultiplier tube is shown in Fig. 22-6. The 
vacuum envelope contains a photocathode, PC, 
and a series of anodes, called dynodes, D, 


Toh uA 


60 


V, = 200 volts 


0 0.2 0.406 0.81.0 1.2 1.44umen 
Fig, 22-3 


Current-vs-flux characteristics of a vacuum phototube 
(J) and a gas-filled phototube (2) 
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through D,, each at a progressively higher 
potential. The incident luminous flux ® brings 
about photoemission from the photocathode, 
and an accelerating electrostatic field urges the 
emitted photoelectrons towards the first dynode 
which is positive with respect to the photo- 
cathode. The dynode is made of a material 
capable of a sufficiently strong and stable se- 
condary electron emission. The primary elec- 
trons that constitute a photocurrent I, knock 
out of the dynode secondary electrons whose 
number is o times the number of primary 
electrons (o is the secondary-emission ratio, 
usually equal to several units for the first 
dynode). Therefore, the current constituted by 
the secondary electrons emitted by the first 
dynode is I; = oI. The secondary electrons 
created at the first dynode are attracted to the 
second dynode which is more positive than the 
first, and again knock out of it secondary 
electrons which constitute a current I, which is 
o times I, (for simplicity, it is assumed that the 
secondary emission ratio is the same for all the 
dynodes), that is, I, = oI, = 07J phy The se- 
condary electrons created at the second dynode 
are attracted to the third dynode still more 
positive than the second, and the electrons 
created there leave as a current J, = ol, = 
= 0°I,,,, and so on. The secondary electrons 
created at the last, nth, dynode, D,, and con- 
stituting an electron current J,, are attracted to 
the anode, A, and the anode current is then 


1,=1,= 0"l oy 


Thus, theoretically, the current gain is k, = 
For example, if o = 10 and n = 8, then k, ‘will i 
108. Practically, the total current multiplication 
is smaller because not all the secondary elec- 
trons knocked out of one dynode are collected 
by the next dynode. To maximize the number of 
secondary electrons collected by the succeeding 
dynodes and finally by the anode, several de- 
signs of photomultiplier tube have been de- 
veloped in which the electrodes are given a 
suitable shape and appropriately disposed re- 
lative to one another. The stream of secondary 
electrons travelling from one dynode to the next 
is usually focused by an electrostatic field be- 
cause magnetic focusing would involve the use 
of a bulky magnetic system. 

The simplest photomultiplier tube is one 
having a photocathode, a single dynode, and an 
anode. This is a single-stage photomultiplier 
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Fig. 22-4 


Sensitivity-vs-frequency response of (/) a vacuum 
phototube and (2) a gas-filled phototube 
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Fig. 22-5 
Connection of a phototube in a circuit 


+ 100 volts + 300 volts 
D, D3 


PC D, A 
+ 200 volts + 400 volts 


Fig. 22-6 
Arrangement and operation of a photomultiplier tube 


tube. Multistage photomultiplier tubes can give 
a total current multiplication of several millions, 
and their integral sensitivity may be as high as 
tens of amperes per lumen. As a rule, photo- 
multiplier tubes operate at an anode current of 
not more than several tens of milliamperes, and 
the input luminous flux may be as small as 
10~ °-10~ 3 lumen or even smaller. 

Since the consecutive dynodes are each at 
a progressively higher potential, the anode 
voltage has to be as high as | or 2 kV, which is 
a limitation of photomultiplier tubes. As a rule, a 
phototube is powered from a voltage divider 
energized with the total anode voltage (Fig. 22-7). 
The anode circuit contains a load resistor, R,, 
from which the output voltage is picked off. 

As is the case with conventional phototubes, 
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the sensitivity of photomultiplier tubes is limited 
by dark current which is mainly due to the 
thermionic emission from the photocathode and 
the dynodes. Its value is not more than a fraction 
of a microampere. This current can be mini- 
mized by cooling the photomultiplier tube. 

As already noted, dark current limits the 
minimum change in the incident luminous flux 
that can be detected by a photomultiplier tube. 
The valid changes in the luminuous flux are in 
turn limited by fluctuations in the photocathode 
emission and dark current. It should be added, 
however, that these fluctuations are small, so 
photomultiplier tubes are low-noise devices. 
Their noise figure is not more than 1.5 or 2 (as 
will be recalled, the noise figure of an ideal 
noise-free amplifier is unity). 

The key parameters of photomultiplier tubes 
are the spectral region (the wavelength range) 
within which a given device can be used to 
advantage, the number of multiplication stages, 
the total current multiplication, the supply 
voltage, the integral sensitivity, and the dark 
current. It is usual to describe the performance 
of a photomultiplier tube by reference to its light 
response curve, IJ, = f(®), and also plots re- 
lating the current multiplication k, and the 
integral sensitivity S, to the anode supply 
voltage E, (Fig: 22-8). 

Photomultiplier tubes show a negligible time 
lag and may be used at fairly high frequencies. 
They can be used to detect light pulses recurring 
at nanosecond intervals. 
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Fig. 22-7 
Connection of a photomultiplier tube in a circuit 
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Fig. 22-8 


Current gain and integral sensitivity as functions of 
the supply voltage of a photomultiplier tube 


There is no semiconductor device that could 
do the job of the vacuum photomultiplier tube. 
Therefore, it is still being used in many fields of 
science and technology, including astronomy, 
facsimile telegraph, television, measurement of 
small luminous fluxes, spectral analysis, etc. 


Chapter Twenty-Three 
Semiconductor Optoelectronic Devices 


23-1 General 


In the last few years optics and electronics have 
merged to produce a new technology generally 
called optoelectronics or, sometimes, electro-op- 
tics. It encompasses a wide range of semicon- 
ductor light detectors (photoresistors, photo- 
diodes, phototransistors, and photothyristors) 
which depend for their operation on what is 
called the inner photoelectric effect. 


The inner photoelectric effect, also called the 
photoconductive effect, refers to the increase in 
conductivity observed in certain elements and 
compounds exposed to electromagnetic radi- 
ation. More specifically, this occurs due to the 
generation of electron-hole pairs in semicon- 
ductors. The additional conductivity resulting 
from the action of photons is called photo- 
conductivity. Metals do not practically show 
photoconductivity because their concentration 
of conduction electrons is huge indeed (about 
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10?? cm~3) and it cannot rise markedly under 
the influence of the incident radiation. In some 
devices, the photogeneration of electron-hole 
pairs gives rise to what is known as the pho- 
to-emf. This is the photovoltaic effect, and pho- 
tovoltaic devices operate as current sources. On 
recombining, the electrons and holes in a se- 
miconductor produce photons, so given certain 
conditions, such semiconductor devices are able 
to operate as light emitters. 

In the sections that follow, we will dwell in 
more detail on the most commonly used se- 
miconductor devices operating as radiation (or 
light) sources or photodetectors, or their com- 
binations referred to as optoisolators or op- 
tocouplers, depending on how one looks at what 
they are intended to do. 

Many of the devices described in this chapter 
are commercially available in both discrete form 
and as elements of integrated circuits. 


23-2 Bulk Photoconductors (Photoresistors) 


A bulk photoconductor, or a photoresistor, is 
a semiconductor device whose conductivity 
increases (whose resistivity decreases) in propor- 
tion to the intensity of incident light. 

In sketch form, the arrangement of a bulk 
photoconductor (or photoresistor) is shown in 
Fig. 23-la. Notice that there is no p-n junction 
necessary for the operation of these devices, just 
a layer of photoconductive semiconductor ma- 
terial 2 is deposited on a dielectric substrate /. 
Metallic electrodes 3 and a suitable enclosure 
with a window are then added to complete the 
device. The connection of a bulk photocon- 
ductor in a circuit is shown in Fig. 23-16. The 
polarity of the power supply is of no importance. 

As long as no light is incident upon the device, 

bulk photoconductor has a certain high 
resistance called the dark resistance, R4. Itis one 
of the parameters of photoresistors and may be 
as large as 10*-10’Q. The associated current 
flowing through the device is called the dark 
current. When thére is incident radiation with 
photons having a sufficient energy, pairs of 
mobile carriers (electrons and holes) are ge- 
nerated in it, and its resistance decreases. 

Several semiconductor materials having some 
desired properties are used to manufacture 
photoresistors. For example, lead sulphide is 
most sensitive to infra-red light, and cadmium 
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Fig. 23-1 


Structure and connection of a photoresistor (bulk 
photoconductor) in a circuit 


0 


Fig. 23-2 


Photoresistor: (a) current-voltage characteristic and 
(b) current-flux characteristic 


sulphide to visible light. The performance of 
a photoresistor is usually assessed in terms of the 
specific sensitivity, that is, the integral sensitivity 
per volt of applied voltage: 


Sep = 1/®V (23-1) 


It is usually several hundred or thousand micro- 
amperes per volt per lumen. 

Photoresistors have a linear V-I characteristic 
and a nonlinear current-flux characteristic 
(Fig. 23-2). 

In addition to the dark resistance and specific 
sensitivity, the parameters of a photoresistor 
include the maximum allowable operating vol- 
tage (usually 600 V), the ratio of dark to light 
resistance (which may be as great as 1000: 1 or 
even greater), and the temperature coefficient of 
photocurrent, TCPC = AI/IAT. A limitation of 
photoresistors, similarly to that of all semi- 
conductors, is the heavy dependence of re- 
sistance on temperature. Another limitation is a 
noticeable time lag —after the incident radiation 
has been turned off, the electrons and holes will 
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go on recombining for some time. Practically, 
photoresistors are used at frequencies not higher 
than several hundred hertz or several kilohertz. 
Inherent noise in photoresistors is considerable. 
Yet, photoresistors are widely used in various 
automatic control circuits and other applica- 
tions. 


23-3 Photodiodes 


A photodiode is a semiconductor diode which 
depends for its operation on the inner pho- 
toelectric effect. The incident light flux controls 
the reverse current of a photodiode. When 
photons of energy greater than the energy gap of 
the device material are absorbed in the device, 
hole-electron pairs are generated, the conduc- 
tivity of the diode increases, and the reverse 
current builds up. This is the current mode of 
operation (Fig. 23-3). The current-voltage cha- 
racteristics, ] = f(V), at ® = const for the cur- 
rent mode of operation (Fig. 23-4) are not 
unlike the output characteristics of a bipolar 
transistor connected in a common-base circuit. 
When there is no light flux incident on the 
device, the usual reverse leakage current, called 
the dark current, is flowing through the device. 
When, however, there is a light flux incident on 
the device, the current through the photodiode 
increases, and the characteristics run higher. 
The stronger the incident radiation, the greater 
the current. An increase in the reverse voltage 
across a photodiode will raise the current only 
slightly. At some applied voltage, however, there 
occurs a breakdown (the dashed portions of the 
characteristics). The current-flux characteristics, 
I = f(®), of photodiodes at V= const are linear 
and almost independent of the applied voltage 
(Fig. 23-5). 

The integral sensitivity of photodiodes is 
usually tens of milliamperes per lumen. It de- 
pends on the wavelength of the incident ra- 
diation and has a peak at some certain wa- 
velength which differs from one semiconductor 
material to another. Photodiodes show a negli- 
gible time lag, so they may be operated at 
frequencies of several hundred megahertz. The 
frequency limit for p-i-n photodiodes is as high 
as tens of gigahertz. The operating voltage of 
photodiodes is usually 10 to 30 volts. The dark 
current does not exceed 10-20 pA for ger- 
manium devices and 1-2 uA for silicon devices. 
The light current is several hundred micro- 
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Fig. 23-3 


Connection of a photodiode for operation in the 
current mode 


Fig. 23-4 
Current-voltage characteristics of a photodiode in the 
current mode 


Fig. 23-5 
Current-vs-flux characteristics of a photodiode 


amperes. Recently, new types of photodiodes 
have been developed, using composite semi- 
conductor materials most sensitive to infrared 
light. Most photodiodes are manufactured by 
planar technology (Fig. 23-6). 

Photodiodes generally come in several basic 
types. In avalanche photodiodes, the carriers are 
generated at the p-n junction by the avalanche 
mechanism which substantially raises the de- 
vice’s sensitivity. In Schottky barrier photodi- 
odes, the semiconductor is brought in contact 
with a metal owing to which they show a high 
speed of response. Improved performance is 
displayed by heterojunction photodiodes. All 
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photodiodes are able to operate as emf or 
voltage generators. This matter is discussed in 
the next section. 


23-4 Semiconductor Photovoltaic Cells 


Semiconductor photovoltaic cells serve to 
convert radiant energy into electric energy. In 
fact, they are photodiodes operating with no 
external applied bias and generating an emf of 
its own due to the effect of incident radiation. 
This is the voltage mode of operation for pho- 
todiodes. 

Photons incident on the p-n junction and the 
adjacent regions give rise to the generation of 
hole-electron pairs. The electrons and holes 
created in the n- and p-regions diffuse towards 
the junction and, if they have no time to 
recombine in transit, they fall under the in- 
fluence of the internal electric field existing in the 
junction. This field also acts on the carriers 
created in the junction itself. The field separates 
the electrons from the holes. With regard to the 
majority carriers, however, (for example, the 
holes in the p-region) the field is an accelerating 
one. It sweeps the electrons into the n-region. 
Similarly, the holes are swept by the field out of 
the n- into the p-region. With regard to the 
majority carriers, however, (for example, the 
holes in the p-region) the field of the junction is 
a decelerating one, and these carriers stay in the 
respective region, that is, the holes remain in the 
p-region and the electrons in the a-region 
(Fig. 23-7). 

As a result, excess majority carriers accu- 
mulate in their respective regions. That is, the 
electrons and holes build up charges in the 
respective regions, and there appears a dif- 
ference of potential called the photo-emf, Eon: 
This photo-emf builds up nonlinearly with 
increasing luminous flux, or _ irradiance 
(Fig. 23-8). This emf may be as great as several 
tenths of a volt. When a semiconductor pho- 
tovoltaic cell is connected to a load (Fig. 23-9), 
a photocurrent, I ns begins to flow, equal to 
Eyn/(R. + Rj), where R; is the internal resis- 
tance of the photovoltaic cell itself. 

The early photovoltaic cells were made of 
copper hemioxide in 1926. They were followed 
by photovoltaic cells made of p-type selenium. 
Actually, a thin n-region was made in p-type 
selenium to form a p-n junction, and the -re- 
gion was exposed to incident radiation. The 


Fig. 23-6 
Structure of a planar photodiode 
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Separation of light-induced carriers by the field of 
a p-n junction 
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Fig. 23-8 
Photo-emf as a function of light flux 


integral sensitivity of selenium-junction pho- 
tocells was as large as several hundred micro- 
amperes per lumen. They had a spectral res- 
ponse very close to that of the human eye—a 
feature of special value for photometric studies. 
Special mention should be made of thallium- 
sulphide junction photocells—they had a sen- 
sitivity of several thousand microamperes per 
lumen. Among the disadvantages of photovol- 
taic cells is a poor frequency response and 
a relatively strong dependence of the integral 
sensitivity on temperature. 

At this writing, this field is led by silicon- 
junction photovoltaic cells employed as devices 
for the direct conversion of solar energy to 
electric energy. Quite aptly, they are called solar 
cells. The photovoltaic solar cell has become the 
workhorse for producing spacecraft power, and 
solar-cell technology has found its way into 
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many Earth-based applications, such as the 
heating of houses. Solar cells are able to generate 
an emf of 0.4-0.5 volt per cell. The individual 
cells can be connected in parallel and series into 
solar batteries or panels which have a relatively 
high efficiency (up to 20%) and can deliver 
a power output of several kilowatts. 


23-5 Phototransistors 


A bipolar phototransistor is similar in con- 
struction to a conventional bipolar transistor, 
except that the top surface has a window or lens 
so that its base region can be exposed to incident 
radiation. 

Photons incident on the base bring about the 
generation of electron-hole pairs which diffuse 
towards the collector junction where they are 
separated in much the same way as they are in 
a photodiode. The collector field urges the holes 
from the base to the collector where they 
augment the base current. The electrons, in 
contrast, remain in the base and raise the 
forward voltage across the emitter junction—a 
factor which stimulates the injection of holes in 
this junction, thereby building up the collector 
current. 

The chain of events we have just described 
applies when the phototransistor is the p-n-p 
type with its base ‘floating’, that is, not con- 
nected to any circuit, as shown in Fig. 23-10, 
which makes it a two-lead device. As usual, the 
emitter junction is forward-biased and the col- 
lector junction is reverse-biased. 

The integral sensitivity of phototransistors 
may be tens of times that of photodiodes and 
may run into several hundred milliamperes per 
lumen. 

Floating-base phototransistors are subject to 
the same temperature variations as conven- 
tional bipolar transistors. This drawback is 
usually counteracted through the use of tem- 
perature-compensation schemes some of which 
have been examined in Chap. 4. Of course, in 
such cases, the base lead has to be used and so 
we have a three-lead device. This lead may also 
be used in order to apply a constant bias voltage 
or electric signals so that they can act on the 
device jointly with light signals. 

The output characteristics of a phototran- 
sistor are shown in Fig. 23-11. They are similar 
to those of a conventional transistor connected 
in a common-emitter circuit, but each curve 
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Fig. 23-9 
Connection of a photovoltaic cell 


Fig. 23-10 
Structure and connection of a floating-base pho- 
totransistor 


Fig. 23-11 
Output characteristics of a phototransistor 


corresponds to a particular level of irradiance 
(luminous flux) and not to a particular value of 
base current. These characteristics tell us that 
when the collector-to-emitter voltage, ugg, ex- 
ceeds a certain value, there occurs an electric 
breakdown (the dashed portions of the curves). 

The parameters of phototransistors are the 
integral sensitivity, the operating voltage (which 
usually is 10-15 V), the dark current (which may 
run into several hundred microamperes), the 
operating current (up to tens of microamperes), 
the maximum allowable power dissipation (up 
to tens of milliwatts), and the upper frequency 
limit. Phototransistors fabricated by the al- 
loying method have an upper frequency limit of 
several kilohertz, and those manufactured by 
the diffusion method (planar phototransistors) 
are able to operate at frequencies up to several 
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megahertz. A limitation of phototransistors is 
a relatively high inherent noise level. 

The bipolar design is not the only member of 
the phototransistor family. Another member is 
the compound phototransistor. In effect, this 
device is a combination ofa phototransistor and 
a conventional bipolar transistor. It has been 
shown in Chap. 9 that a compound-connected 
transistor has a current gain, B, equal to the 
product of the two transistors’ betas, that is, 
B,B,. As a result, the integral sensitivity of 
a compound-connected phototransistor is tens 
of times the figure assured by a conventional 
device and thousands of times the figure ob- 
tained with photodiodes. High sensitivity and 
high speed are achieved by a combination of 
a photodiode and r.f. transistor. 

In addition to bipolar phototransistors, there 
are also photofield-effect transistors or photo- 
FETs which are similar to conventional JFETs, 
with the exception that they have a lens for 
focusing light onto the gate junction. As an 
example, Fig. 23-12 shows the arrangement of 
an n-channel photoFET. When the n-channel is 
illuminated, electrons and holes are produced in 
the channel and the adjacent p-region (the gate 
junction). The junction between the n-channel 
and the p-region is reverse-biased, and so the 
field of this junction separates the electrons from 
the holes. This leads to an increase in the 
electron concentration in the n-channel, a reduc- 
tion in its resistance, and an increase in the hole 
concentration in the p-region. The channel (or 
drain) current rises. Also, a photon-induced 
current begins to flow in the gate circuit. This 
current produces a voltage drop across Rg 
owing to which thé reverse bias voltage across 
the channel-gate junction is reduced. This leads 
in turn to an increase in the channel width and, 
in consequence, to a further decrease in its 
resistance and a further rise in the drain current. 
In this way, incident light controls the drain 
current. 

Of special interest are depletion-type photo- 
MOSFETs. They have a semitransparent gate 
through which the semiconductor region under 
the gate is illuminated. This leads to the produc- 
tion of electron-hole pairs in that area, thereby 
changing the threshold voltage at which the 
channel is induced, and also the transconduc- 
tance which is the key parameter of this device. 
Sometimes, a d.c. voltage is fed to the gate so as 
to set the initial operating conditions. 
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Fig. 23-12 
Structure and connection of an n-channel photo-FET 
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Fig. 23-13 
Structure and connection of a photothyristor 


Still another version of phototransistors are 
photounijunction transistors in which irradiance 
brings down the turn-on voltage. 


23-6 Photothyristors 


Four-layer p-n-p-n thyristor structures, such 
as shown in Fig. 23-13, can be controlled by 
light in much the same way as triode thyristors 
are controlled by the voltage applied to one of 
the emitter junctions. 

The operation of a typical photothyristor is as 
follows. With the proper bias, photons incident 
on the p, base region create electron-hole pairs 
in that region, and these diffuse towards the n-p 
junctions. On entering the reverse-biased J, 
region, the electrons reduce its resistance. In 
consequence, the voltage applied to the thyris- 
tor is re-distributed: the voltage across the J, 
junction somewhat falls and the voltages across 
the J, and J, junctions somewhat rise. This, 
however, enhances carrier injection into the J, 
and J, junctions, the injected carriers arrive at 
the J, junction, its resistance decreases still 
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more, and a further voltage re-distribution takes 
place, with a further enhancement in carrier 
injection in the J, and J junctions and with the 
current building up cumulatively in an ava- 
lanche fashion (the dashed curves in the plot)— 
the thyristor turns ON. 

The greater the luminous flux incident on the 
thyristor, the lower the voltage that is needed to 
turn on the device. This is clearly shown in the 
current-voltage characteristics of photothyris- 
tors (Fig. 23-14). After turn-on, a small voltage 
is established across the device as usual and 
nearly all of the supply voltage E is dropped 
across the load. Sometimes, a lead is made to 
one of the base regions (p, or n,). By applying 
a d.c. voltage to the respective emitter junction 
via this additional lead, it is possible to bring 
down the turn-on voltage. The turn-on action 
proper will be accomplished by the incident 
radiation as before. 

Photothyristors can successfully act as solid- 
state switches in automatic-control circuits 
handling large blocks of power and high vol- 
tages. Among the most important advantages of 
photothyristors are low power drain in the ON 
state, small size, freedom from sparking, and 
a short turn-on time (a split second). 


23-7 Light-Emitting Diodes (LEDs) 


Light-emitting diodes (LEDs) are electrolu- 
minescent semiconductor p-n junction devices 
that emit optical radiation when operated under 
forward-bias conditions. Sometimes, they are 
called injection LEDs, and the optical radiation 
they thus emit is classed as injection electrolu- 
minescence. 

The earliest observations of electrolumines- 
cence were made as part of research work on 
radio-wave detectors. Back in 1907, Round 
reported that yellow light was produced when 
a current was passed through a silicon carbide 
detector. Similar results were observed by 
O.V. Lossev of Russian in 1923, again when 
working on carborundum (that is, SiC) detec- 
tors. Lossev made a systematic study of this 
effect and published his results in a series of 
papers over a period of years up to 1940. Lossev 
clearly recognized that the effect he had observ- 
ed was connected with a rectification process. 
The phenomenon observed by Lossev is the 
basis of the work described in many books and 
is still often known as the Lossev effect. An 
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Current-voltage characteristics of a photothyristor 
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Fig. 23-15 
Emission of radiation on recombination 


in-depth study of the effect did not begin until 
the early 1950s. At present, tens of LED types 
are available commercially along with a wide 
range of more sophisticated devices made up of 
a varying number of LEDs. 

A LED operates on the following principle. 
When a semiconductor diode is forward-biased, 
carriers are injected from the emitter region into 
the base region. For example, if the electron 
concentration in the n-region is higher than the 
hole concentration in the p-region, that is, if 
n, > Py, the injection of electrons from the n- 
into the p-region takes place. The injected 
electrons recombine with the holes of the p-re- 
gion which are the majority carriers in the 
circumstances. When a free electron recombi- 
nes, it may fall all the way from an unbound or 
higher-energy level to its ground state, releasing 
a photon of a wavelength corresponding to the 
energy-level difference associated with this tran- 
sition. This ground level is situated near the top 
boundary of the valence band as shown in 
Fig. 23-15 and the energy of the released photon 
is nearly equal to the energy gap AW, that is, 


hv = he/. x AW (23-2) 


Ch. 23. Semiconductor Optoelectronic Devices 


On substituting the constants in Eq. (23-2), 
we can determine the energy gap, or the width of 
the forbidden band, AW, in electron-volts re- 
quired for a photon to be emitted with any 
desired wavelength i (in micrometres): 


AW ~& 1.23/h (23-3) 


It follows from the relation in (23-3) that for 
the emitted radiation to fall within the visible 
region, that is, at wavelengths from 0.38 to 
0.78 um, the semiconductor should have an 
energy gap of AW > 1.7 eV. Germanium and 
silicon cannot be used to make LEDs because 
their energy gap is too narrow. State-of-the-art 
LEDs are mainly fabricated from gallium phos- 
phide (GaP), silicon carbide (SiC), and some 
ternary compounds called solid solutions which 
consist of gallium, aluminium and arsenic 
(GaAlAs), or gallium, arsenic and phosphorus 
(GaAsP), and some others. The desired emission 
colour can be obtained by adding a suitable 
dopant to the parent semiconductor material. 

Although in its narrowest sense the name 
‘LED’ implies that the radiation emitted falls in 
the visible region of the spectrum, it is often 
convenient to broaden the term to include 
devices that emit in the near-infrared region of 
the spectrum. Infrared (or IR) light-emitting 
diodes are mainly fabricated from gallium arse- 
nide, GaAs. IR LEDs are used in photorelays, 
various transducers, and as photodetectors in 
optocouplers. 

There are also LEDs capable of emitting any 
one of two colours. They are built with two 
light-emitting junctions one of which has the 
spectral response peak in one region (say, red) of 
the spectrum, and the other, in another region 
(say, green) of the spectrum. Which colour is 
emitted will depend on the relative magnitude of 
the currents flowing through the junctions. The 
best performance of all is shown by LEDs 
incorporating heterojunctions. 

The key parameters of LEDs are as follows. 

1. Radiant (or luminous) intensity, which is 
measured in candelas and specified for a parti- 
cular value of forward current. The radiant 
intensity of LEDs is usually a few tenths of 
a millicandela or several millicandelas. The 
candela is the unit of luminous intensity emitted 
by a special standard source. 

2. Brightness, which is defined as the ratio 
between the luminous intensity and the area of 
the light-emitting surface. It ranges between tens 
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and hundreds of candelas per square centimetre. 

3. Direct forward voltage (2 or 3 V). 

4. Emission colour and wavelength at the peak 
luminous flux (or peak emission wavelength). 

The maximum ratings of LEDs include the 
forward continuous current (it is usually set at 
tens of milliamperes), the direct reverse voltage 
(several volts), the total device dissipation at a 
specified temperature, the operating and storage 
junction temperature range (usually from — 60° 
to + 70°C). 

Several characteristics come into considera- 
tion in the applications involving LEDs. One is 
the brightness characteristic which relates 
brightness to forward current. The other is the 
luminous intensity characteristic which relates 
the luminous intensity of a device to its forward 
current. The spectral response of a LED shows 
its emission as a function of wavelength. The 
current-voltage characteristic of a LED is simi- 
lar to that of a conventional rectifying diode. 
A very important characteristic of LEDs is their 
radiation directivity pattern; it is mainly deter- 
mined by the construction of a LED, notably its 
lens and other features. The emission from 
a LED may be directional or diffuse. 

Some parameters of LEDs are temperature- 
dependent. For example, their brightness and 
radiant intensity fall with rising temperature. 
LEDs have a high speed of response. The 
emission rises to its maximum in a matter of 
about 107° s after a forward-current pulse is 
applied to the device. 

LEDs are configured so that as much of the 
output luminous flux could find its way out as 
practicable. Still, a sizeable proportion of the 
emission is lost due to the absorption in the 
semiconductor material itself and due to the 
total internal reflection at the interface between 
the crystal and air. Physically, LEDs are enclo- 
sed into metal cases fitted with a lens which 
provides for a directional radiation pattern, or 
in a transparent metal case which results in 
a diffuse emission. There are also LEDs which 
come uncased. The weight of a LED is a few 
hundredths of a gram or a little more. 

LEDs are the basic building blocks of more 
elaborate devices. One of them is the /inear LED 
scale which is essentially an IC consisting of 
a consecutively disposed light-emitting structu- 
res, or segments, ranging from five to 100 in 
number. These linear scales can replace switch- 
board-mounted instruments and are able to 
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display continuously varying information. 

Another LED-based device is the alpha-nu- 
meric display or indicator. It is likewise fabri- 
cated in the form of an IC containing several 
light-emitting structures (segments) disposed so 
that they can be combined into various lumi- 
nous numerals or letters. A single-digit LED 
display can present the numerals 0 to 9 or some 
letters, but one at a time. Multi-digit LED 
displays can present several numerals, letters or 
symbols at a time. In most cases, the segments 
that make up the displayed characters are bars 
(there are usually seven bars or segments for 
each digit position). There are also dot-matrix 
displays each consisting of 35 dot-shaped LEDs. 
With them, any characters can be synthesized. A 
major advantage of the dot-matrix display using 
a large number of LEDs is that failure of any one 
of them does not result in an erroneously 
reproduced character. In seven-segment disp- 
lays, failure of only one segment renders the 
device completely useless. 

It is several years now that research work has 
been under way on multi-element blocks each 
containing thousands of LEDs so that intricate 
shapes and patterns could be displayed. Among 
other things, this principle is at the basis of 
flat-plate display panels for TV receivers instead 
of the traditional picture tubes (kinescopes). 

The parameters and characteristics of alpha- 
numeric displays are the same as are usually 
quoted for LEDs. The devices are widely used in 
instruments, automatic control, computers, di- 
gital timepieces, etc. 


23-8 Optocouplers (Optoisolators) 


The combination of a miniature light source 
and a photodetector in the same package has led 
to a very useful family of devices commonly 
referred to as optoisolators or optocouplers, 
although some authors prefer to call them /ight 
source-detector combinations. The light source 
converts electric signals into light signals which 
strike the photodetector and produce in it 
electric signals again. The combination of only 
one light source and of only one photodetector 
may be referred to as an elementary optocoupler 
or optoisolator cell. Sometimes, use is made of 
one or several optocouplers arranged on the 
same circuit board along with matching and 
amplifying circuits or components — the result is 
an optoelectronic (or electro-optic) integrated 
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circuit. The signals existing at the input and 
output of an optocoupler (optoisolator) are 
always electric, while the input and output are 
always optical. The light source circuit is the 
driving (or control) section of the device, while 
the photodetector circuit is the controlled (or 
driven) section. In electronic circuits these devi- 
ces are used to provide optical coupling and 
electrical isolation. 

The key advantages that are gained from the 
use of optocouplers may be summed up as 
follows. 

1. There is no electric connection between 
input and output and feedback between the 
photodetector and the light source. The isola- 
tion resistance between input and output may 
be as high as 101-10!+ Q, and the transfer 
capacitance does not exceed 2 pF, being as 
small as a fraction of a picofarad in some 
devices. 

2. The bandwidth is very large, extending 
from zero to 10'3-10!+ GHz. 

3. The output signal can be controlled by way 
of the optical section of the device. 

4. The optical channel is highly immune to 
interference that may arise due to external 
electromagnetic fields. 

5. In an electronic equipment, optocouplers 
may be teamed up with other semiconductor 
and microelectronic devices. 

On the demerit side, the following should be 
stressed: 

1. The power drain is relatively high because 
energy conversion takes place twice, and the 
efficiency of each of them is low. 

2. Optocouplers are subject to temperature 
variations and radiation effects. 

3. There is a noticeable tendency to ageing, 
that is, an impairment in performance with time. 

4. The inherent noise level is relatively high. 

5. Optocouplers have to be manufactured by 
hybrid technology instead of by the more con- 
venient and perfect planar technology —a single 
optocoupler combines a light source and a 
photodetector made of different semiconductor 
materials. 

All of these drawbacks are gradually mini- 
mized or eliminated altogether with further 
progress in optoelectronics. 

Physically, the light source and the photo- 
detector of an optocoupler are enclosed in a case 
and bonded with an optically transparent ce- 
ment (Fig. 23-16). Hybrid ICs use specially 
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designed uncased miniature optocouplers. 
Standing apart from the devices where the 
source and detector are separated by a trans- 
parent optical couplant are optocouplers in 
which there is an air gap left between the source 
and the detector (Fig. 23-17a). The gap may 
receive a moving strip of an opaque material, 
such as punched tape, for control of the lumi- 
nous flux. In another form of optocoupler with 
an exposed optical channel, the luminous flux 
from the light source is incident on the photo- 
detector after being reflected from some external 
object (Fig. 23-175). 

Optocouplers are available in practically all 
likely combinations of light sources and photo- 
detectors, such as a lamp and a photoresistor, 
a LED anda photoresistor, a LED and a photo- 
diode, a LED and a phototransistor, a LED and 
a photodarlington, a LED and a photothyristor, 
some of these combinations coming as discrete 
or IC devices. Let us examine each combination 
briefly, referring to each by the type of photo- 
detector used. 

Photoresistor optocouplers. The light source 
is an extremely small incandescent lamp or 
a LED emitting in the visible or IR region of the 
spectrum. The photodetector is a cadmium-se- 
lenide (CdSe) or cadmium sulphide (CdS) pho- 
toresistor (or bulk photoconductor) for visible 
light emission, or lead selenide or sulphide 
(PbSe or PbS) photoresistor for emission in the 
infrared. The photoresistor is able to operate on 
both a.c. and d.c. For good performance of the 
device, it is essential to achieve a good match 
between the light source and the photodetector 
in terms of spectral response. 

In sketch form the arrangement of a photo- 
resistor optocoupler is shown in Fig. 23-18. The 
light source is a LED and the photodetector is 
a photoresistor. The output circuit operates on 
a direct or alternating voltage E and is loaded 
into R,. The voltage applied to the LED 
controls the current in the load, and so is 
designated as V,,,,. The drive section (the source 
circuit) is reliably isolated from the photo- 
resistor which may therefore be connected to 
a circuit at a relatively high voltage, say, 220 V. 

The parameters usually specified for this class 
of optocouplers are the maximum currents and 
voltages at the input and output, the output 
resistance under normal operating conditions, 
and what is called the dark output resistance 
(which the device presents when a dark current 
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Fig. 23-16 


Basic structure of an optocoupler (optoisolator): (/) 
light source; (2) optically transparent cement (co- 
uplant); (3) photodetector 


Fig. 23-17 


Optocouplers with an open optical channel: (/) light 
source; (2) photodetector; (3) external object 


Fig. 23-18 
Connection of a resistor-type optocoupler in a circuit 


of several microamperes is flowing through the 
photoresistor in the absence of the input cur- 
rent), the isolation resistance, the maximum 
isolation voltage between input and output, the 
transfer capacitance, the turn-on and turn-off 
times which characterize the inertia of the 
device. The key characteristics of the devices are 
their input current-voltage characteristic and 
their current-transfer characteristic. The latter 
relates the output resistance to the input 
current. 

Commercially available photoresistor opto- 
couplers use light sources in the form of incan- 
descent lamps, electroluminescent capacitors 
and LEDs. Some optocouplers intended for 
switching applications may use several photo- 
resistors per device. The principal applications 
for photoresistor optoisolators include automa- 
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Several combinations of light sources and photodetectors into optocouplers (opto- 
isolators) 


tic gain control, interstage coupling, and signal 
conditioning. 

Photodiode optocouplers. These devices 
(Fig. 23-19a) usually consist of a silicon photo- 
diode and an IR GaAs LED. The photodiode 
may operate in the voltage mode, thus supplying 
a photo-emf of 0.5-0.8 volt, or in the current 
mode. The diodes are fabricated by the planar- 
epitaxial technology. For high speed of respon- 
se, the photodiodes are of the p-i-n type. 

The key parameters of photodiode optocoup- 
lers are the input and output voltages and 
currents for pulsed and CW work, the current 
transfer ratio (CTR) defined as the ratio of the 
optocoupler output current to its input current 
in percent, the rise and fall times of the output 
signal, and some of the quantities quoted for 
photoresistor optocouplers. The CTR is usually 
several per cent, while the rise and fall times for 
p-i-n photodiodes may be as short as a few 
nanoseconds. The performance of photodiode 
optocouplers are described by giving their input 
and output current-voltage characteristics and 
transfer characteristics for the voltage and cur- 
rent modes. 

Sometimes a photodiode optocoupler may 
have several units combined in the same case. 
They are then called multichannel optocouplers 
or optoisolators. The weight of a single opto- 
coupler ranges from about one gram to several 
tenths of a gram. The devices are enclosed in 
metal-glass cases when they are intended for use 
as discrete components. For use in ICs, they are 
left uncased. 

The uses to which photodiode optocouplers 
may be put are many and diverse. For example, 
they can serve as the basis for coilless pulse 
transformers—a feature valuable for ICs. Op- 
tocouplers are used to transfer signals between 
sections of electronic and telecommunication 


equipments, and also to control the operation of 
a large variety of ICs, especially MOSFET chips 
which use a very small input current. One more 
device may be looked upon as a version of the 
photodiode optocoupler-—the one in which the 
photodetector is a photovaricap (Fig. 23-194). 

Phototransistor optocouplers. These devices 
(23-19c) usually employ a GaAs LED as the 
light source and a p-n-p bipolar silicon photo- 
transistor as the photodetector. The leading 
parameters of the driving section of such devices 
are similar to those of photodiode optocouplers. 
Additionally, makers quote the maximum ab- 
solute ratings in terms of current, voltage and 
power for the output circuit, the dark current of 
the phototransistor, the turn-on and turn-off 
times, and the quantities describing the degree 
of isolation between the input and output 
circuits. 

Phototransistor optocouplers are mainly 
used as switches and relays in switching circuits, 
couplers between transducers and indicators, to 
name but a few applications. 

For better sensitivity, an optocoupler may 
use a compound-connected phototransistor 
(Fig. 23-194) or a photodiode-transistor ampli- 
fier (Fig. 23-19e). Optocouplers using com- 
pound-connected phototransistors have the lar- 
gest CTR but the lowest speed. On the contrary, 
optocouplers using a photodiode-transistor am- 
plifier show the highest speed. 

Uniyunction phototransistors may likewise be 
employed as photodetectors in optocouplers 
(Fig. 23-19f). These devices are usually em- 
ployed in switching circuits, such as those 
intended to control relaxation oscillators which 
generate rectangular pulses. A unijunction pho- 
totransistor is a versatile device: it may be used 
as a phototransistor if its emitter junction is left 
de-energized, or as a photodiode if only the 
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emitter junction is connected in circuit. 

A further version of the phototransistor op- 
tocoupler is the device using a photo-FET as the 
photodetector (Fig. 23-19g). The output cur- 
rent-voltage characteristic is then highly linear 
over a wide range of voltages and currents, and 
so these devices are well suited for use in analog 
circuits. 

Photothyristor optocouplers. Devices in this 
class (Fig. 23-19/) use a silicon photothyristor 
(or a photo-SCR) as the photodetector and are 
employed solely as switches to generate strong 
pulses which control high-power thyristors, and 
also control and switch heavy loads. 

The key parameters of photothyristor opto- 
couplers are the input and output currents and 
voltages at turn-on, during operation, and as 
absolute maximum ratings, and also the turn-on 
and turn-off times, and the degree of isolation 
between input and output. 

Integrated optocouplers. These are optical 
coupling between the individual elements and 
electrical isolation between them. ICs using 
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photodiodes, phototransistors or photothyris- 
tors consist of light sources, photodetectors, and 
circuits to handle the signals generated by the 
photodetectors. A distinction of optoelectronic 
ICs is unilateral signal transfer and complete 
elimination of feedback. 

Optoelectronic ICs are used to handle logic 
and analog signals, to operate as solid-state 
relays, and in alpha-numeric display circuits. In 
addition to the usual parameters associated 
with discrete optocouplers, their IC counter- 
parts are characterized by stating their input 
and output currents and voltages corresponding 
to logic 0 and 1, turn-on and turn-off delay 
times, supply voltage and current. 

There are also other types of optocouplers, 
both discrete and integrated, which have, for 
example, an optical input and an optical output 
and are intended to handle optical signals, 
optoelectronic indicator ICs with several built- 
in LEDs or segment-type character display 
elements. Optoelectronics is a very promising 
field which is expanding all the time. 
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The electron devices, both semiconductor and 
tube-type, we have examined in this book do not 
cover all the likely designs, types, and makes. 
Still, they give a fairly accurate picture of the 
state of the art. With knowledge of their const- 
ruction, operation, characteristics, parameters, 
basic properties and uses, the reader will be able 
to cope with the construction and operation of 
other similar devices on his own. 

Electronics is advancing at a breath-taking 
pace. Ever new devices are appearing almost 
every day for ever higher frequencies (far into the 
gigahertz range), for ever greater powers, and for 
ever higher temperatures while their size is made 
progressively smaller. A good deal of emphasis 
is placed on improvements in reliability, dura- 
bility, stability, ruggedness, temperature and 
radiation resistance. The advance is especially 
rapid in microelectronics and quantum elec- 
tronics, and many more specialized divisions are 
added to the field. 

One such division is acoustoelectronics which 


utilizes the interaction of ultrasonic waves with 
electrons in metals and semiconductors. Acous- 
toelectronic devices are successfully used to 
process radio signals. Examples are acoustic 
wave devices which depend for their operation 
on so-called surface acoustic waves propagated 
along the surface of a substrate. The associated 
electric field extends for a short distance out of 
the surface and can interact with the conduction 
electrons of a separate semiconductor placed 
just above the surface. 

Closely associated with acoustoelectronics is 
piezoelectronics known for a fairly long time 
now. For their operation piezoelectronic devices 
depend on the piezoelectric effect in solids—an 
effect that occurs when certain materials are 
subjected to mechanical stress. An electrical 
polarization is set up in the crystal, and the faces 
of the crystal become electrically charged. The 
polarity of the charges reverses if the comp- 
ression is changed to tension. There is also the 
reverse piezoelectric effect which occurs when an 
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electric field is applied across the material and 
causes it to contract or expand according to the 
sign of the applied electric field. 

A further division of electronics has to do with 
solions — electrochemical sensing and control de- 
vices in which ions in solution carry electric 
charges to give amplification corresponding to 
that of vacuum tubes and transistors. A solion 
consists of two or more electrodes sealed in an 
electrolyte. Solions are low-frequency devices 
because of the appreciable inertia of ions. Yet, 
where they are applicable, they offer a reduction 
in power drain, simplify the associated circuitry, 
enhance reliability and ruggedness. In some 
cases, a single solion is able to do the job of 
a complete circuit assembly. The basic solion 
devices are the diode, the integrator, the pres- 
sure transducer, and the electroosmotic driver. 
More sophisticated designs of solions can per- 
form various mathematical, process-control, 
and data-processing functions. What is espe- 
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cially valuable about solions is that they can 
readily be re-adapted to perform quite different 
duties. 

An ever wider field is being gained by cryo- 
tronics (which is a contraction of ‘cryogenic 
electronics’). It has to do with devices operating 
at extremely low (cryogenic) temperatures. The 
key device is the cryotron, a superconductive 
two-port (four-terminal) device in which a mag- 
netic field, produced by the flow of a current 
through the input port, controls the super- 
conducting-to-normal transition and, in con- 
sequence, the resistance at the output port (that 
is, between the two output terminals). 

These and other divisions of state-of-the-art 
electronics owe their existence to veritable 
breakthroughs in solid-state and quantum 
physics. Undoubtedly, many more exciting dis- 
coveries will be made in the field of electronics, 
giving further impetus to progress in science and 
technology in general. 
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STABILOTRON, 263, 280 
Stage coupling, resistance, 67 
transformer, 67 


Stage current gain, 187 
Stage input, 183 
Stage power gain, 188 
Stage voltage gain, 187 
Static anode resistance, 165 
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